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Abstract

Many recent studies have identified white matter abnormalities in late life depression (LLD). These
abnormalities include an increased volume of discrete white matter lesions (hyperintensities on T2-
weighted imaging) and changes in the diffusion tensor properties of water. However, no study of
LLD to date has examined the integrity of white matter outside of discrete lesions, i.e., in normal
appearing white matter. We performed T1- and T2-weighted imaging as well as diffusion tensor
imaging (DTI) in depressed elderly subjects (n=73) and non-depressed control subjects (n=23)
matched for age and cerebrovascular risk factors. The structural images were segmented into white
matter, gray matter, cerebrospinal fluid and discrete white matter lesions. DTI parameters were
calculated in white matter regions of interest after excluding the white matter lesions. Widespread
LLD vs. control group differences were found, particularly in prefrontal regions, where the DTI
abnormalities correlated with cognitive processing speed. These results suggest that further
investigation is warranted to determine the basic pathophysiology and potential reversibility of LLD.
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INTRODUCTION

Several studies have identified white matter changes in late life depression (LLD). These
changes include microstructural abnormalities determined by diffusion tensor imaging (DTI)
and an increased volume of white matter hyperintensities (WMH) on T2-weighted imaging.
However no study to date has separately examined these effects in the same population.
Previous DTI studies of LLD have shown compromised structural integrity in white matter
tracts linking limbic and dorsal frontal structures (1-3). We have recently found that the
prevalence of WMH lesions is focally increased in these same tracts, which are known to
mediate affective evaluation and executive control (4). This finding suggests that the strategic
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location of WMH may be critical to the pathophysiology of LLD. However, it remains unclear
whether the predominant factor in the etiology of LLD is interruption of fiber tracts by lesions
or more generally compromised white matter integrity.

Here, we used diffusion tensor imaging (DTI) in combination with segmentation of WMH to
examine white matter integrity in late life depression. DTI measures the molecular motion
(diffusion) of water in biological tissue (5). Mean diffusivity measures water diffusion
averaged over all directions. Anisotropy refers to the degree to which diffusion is directionally
dependent. Anisotropy characteristically is high in healthy white matter, as water tends to move
parallel rather than perpendicular to fiber bundles. DTI abnormalities typically manifest as
increased mean diffusivity (MD) and/or reduced anisotropy. DTI is capable of detecting subtle
abnormalities in white matter that appears normal on standard T1- and T2-weighted imaging
(6); hence the somewhat contradictory designation, “normal appearing white

matter” (NAWM).

A novel feature of the present investigation was that discrete white matter hyperintensities
(WMH) were segmented (4) and excluded from regional assessment of DTI measures, thereby
confining the measurements to NAWM. We asked two questions of the DTI data: 1) Are white
matter abnormalities detectable independent of WMH lesions? 2) If so, in which areas of the
brain are they located? We compared a large group of LLD patients to a cohort of control
subjects matched for age and cerebrovascular risk factors (7). We systematically sampled
multiple brain regions to investigate the distribution of white matter damage. We hypothesized
that evidence of structural damage would be found in multiple white matter regions that appear
normal on T1- and T2-weighted imaging.

METHODS

Subjects

Depressed subjects (n=76) and non-depressed controls (n=23) aged 60 years and older with a
wide range of cerebrovascular risk factors were recruited from an NIMH study “Treatment
Outcome in Vascular Depression” to be part of the current NARSAD-sponsored project
“Decreased White Matter Connectivity in Late Life Depression.” Patients and controls were
recruited through advertising and physician referral to the Washington University Medical
Center. Depressed and control subjects were matched for age (Mean = 68.6 + 7.2, and Mean
=70 5.9, respectively) and gender (71/29% female/male and 61/39% female/male,
respectively). Patients and controls were evaluated by board-certified psychiatrists according
to DSM-IV criteria for major depression in the former and a lifetime absence of psychiatric
illness in the latter. All subjects were screened to rule out severe or unstable medical disorders
(8), had Mini Mental Status Examination scores > 24 (9), and had no history of other Axis |
disorders prior to diagnosis of depression by SCID (Structured Clinical Interview for DSM4).
All subjects provided written informed consent in accordance with the Washington University
Institutional Review Board. All depressed patients were enrolled in a 12 week treatment course
with sertraline. Prior to starting treatment patients completed all imaging and
neuropsychological testing. All subjects were evaluated with the Montgomery-Asberg
Depression Rating Scale (MADRS) (10) before and after therapy and were also evaluated using
the Framingham Study cerebrovascular risk profile (CVR) (7). Depressed and control subjects
were group-wise matched on age, gender, education and the Framingham CVR profile (see
Table 1).

Subjects were also evaluated with a battery of neurophyschological tests. As previously
described (8), these tests assessed several cognitive domains: language processing (Shipley
Vocabulary test, the Boston Naming test, and the word reading condition of the Stroop task),
cognitive processing speed (symbol-digit modality, color naming of the Stroop task, and Trails
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A), working memory (digit span forward and backward, and ascending digits), episodic
memory (word list learning, logical memory, constructional praxis, and the Benton visual
retention test), and executive function (verbal fluency, Trails B, the color-word interference
condition of the Stroop test, the initiation-preservation subscales of the Mattis Dementia Rating
Scale, and categories completed from the Wisconsin Card sorting test).

Image Acquisition

All imaging was performed ona 1.5T Siemens Sonata scanner (Erlangen, Germany). Structural
scans included a T1-weighted (T1W) sagittal, magnetization-prepared rapid gradient echo
(MP-RAGE; repetition time (TR) = 1900 ms; inversion time (T1) = 1100 ms, echo time (TE)
=3.93 ms, flip angle = 15°, 1x1x1.25 mm voxels) and a T2-weighted (T2W) fast spin echo
(TR =4380 ms, TE = 94 ms, 1x1x3 mm). DTI was acquired using a locally modified echo
planar imaging (EPI) sequence (TR = 7000 ms, TE = 113 ms, 2.0 mm isotropic voxels, 4.0
mm slice gap), conventional hexahedral (6 direction) encoding and three levels of diffusion
sensitization (b-values = 400, 800, and 1200 s/mm?). Contiguous coverage was obtained in
three spatially interleaved acquisitions. Four complete DTI datasets were acquired in each
participant. Total imaging time was approximately 90 minutes.

Image Registration

The first image-processing step was to define the spatial relationships between all images in
terms of affine transforms computed by image registration. Multi-modality (e.g., T2W—T1W)
image registration was accomplished using vector gradient measure (VGM) maximization
(11). The firstacquired, unsensitized (b = ~0 s/mm?; 1) DT1 volume was registered to the T2W
image; stretch and shear were enabled (12 parameter affine transform) to partially compensate
for EPI distortion. Atlas transformation was computed via the T1W image, which itself was
registered to an atlas representative target produced by mutual co-registration of MP-RAGE
images from 12 normal, young adults. The atlas target conformed to the Talairach system
(12) as implemented by Lancaster et al. (13). Algebraic composition of transforms (matrix
multiplication) enabled resampling any data type in register with any other (14). Thus, ROI
generated on anatomical images were resampled in register with the DTI data for purposes of
DTI parameter measurement.

Head motion correction of the DTl data

Each DTI dataset included 19 volumes (18 diffusion sensitized + 1 unsensitized) assembled
by collating slices from three interleaved scans. No attempt was made to correct for head motion
between the interleaved slice scans. Each 19 volume dataset was motion corrected using a
procedure that iteratively cycled through the following steps: (i) Align each volume to the
geometric mean volume of each group of images sharing the same degree of sensitization (6
x b =400 s/mm?, 6 x b = 800 s/mm2, 6 x b = 1200 s/mm?, 1 x b = 0 s/mm?2). (ii) Recompute
the geometric mean volume. (iii) Align each group geometric mean to the first acquired I
image. (iv) Algebraically compose transforms (volume—group geometric mean with
group—Ig). Three cycles through the preceding steps yielded realignments with errors
estimated by internal consistency to be less than 0.1 mm. All transforms were 9 parameter
affine (rigid body + scanner axis stretch) computed by VGM maximization (11). The Iy
volumes of each DTI dataset were aligned using conventional intensity correlation
maximization (15). The final, motion corrected result was obtained by algebraically composing
all transforms (saved from the iterative procedure) and averaging all datasets after application
of the composed transforms using cubic spline interpolation. The final resampling step output
19 volumes in spatial register with the 15 volume of the first acquired DTI dataset.
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Segmentation of individual anatomical images

The co-registered T1IW and T2W structural images were segmented into regions representing
cerebrospinal fluid, gray matter, white matter and WMH using a previously described semi-
automated procedure (4) based on bi-spectral fuzzy class means (16). Artifactual intensity
inhomogeneity was corrected prior to segmentation using a second order 3D polynomial model
of the gain field (17). The gray matter/white matter (GM/WM) segmentation was used to
individually define superficial white matter ROI sub-adjacent to standard cortical zones (see
below). DTI measurements were performed in ROIs after exclusion of WMH voxels. The total
WMH volume for each subject was used as an independent variable in statistical tests.

Definition of superficial white matter ROI

Superficial regions of interest (ROIs) were defined in the white matter sub-adjacent to major
anatomical divisions of the cortex in both hemispheres of each participant. Cortical zones were
selected on a standard surface atlas (18). The present selection of frontal regions is similar to
that used by other investigators (19,20) and includes the superior frontal gyrus, middle frontal
gyrus, inferior frontal gyrus, medial orbital frontal, lateral orbital frontal, dorsal cingulate,
anterior cingulate, ventral cingulate, mesial fronto-polar cortex, and motor cortex. Additional
regions were selected in the temporal lobe (medial temporal gyrus, fusiform gyrus, and auditory
cortex), parietal lobe (somatosensory cortex and posterolateral intra parietal sulcus), and
occipital lobe (occipital pole and the visual cortex). The zones depicted in Figure 2A were
limited to the gyri to minimize ROI overlap in subsequent steps. For the purpose of the
subsequent analysis the superficial pre-frontal regions were combined into a large pre-frontal
region. Similarly, the superficial non-prefrontal regions were combined in a large non-
prefrontal region.

The selected cortical zones (Figure 2A) were assigned a thickness of 3 mm to create standard
3D ROIs in atlas space. Then, for each subject, these standard ROIs were transformed to each
individual’s coordinate space and their intersection with the individually segmented cortical
ribbon was computed. These individual results then were passed through the following
automated steps (Figure 3): i) isotropic dilation by 2 mm ii) restriction of the dilated results to
WM and iii) erosion by one voxel at GM boundaries to minimize partial volume effects in
subsequent DTI measurements. ROI overlap was eliminated by assigning any shared voxels
to the ROI with the nearest center of mass. Finally, each ROl was segmented into “normal
appearing white matter” and WMH, and the WMH voxels were excluded. ROIs were visually
inspected to confirm anatomic localization to normal appearing white matter at the conclusion
of the automated processing.

Definition of deep WM ROI

Cubic 10 mm3 ROIs were bilaterally placed in the deep WM of multiple cerebral lobes initially
at standard atlas coordinates far removed from the cortical surface. These ROIs were in ventral,
dorsal, and posterior frontal lobe, as well as temporal, and parietal lobe. Similar deep ROIs
could not be placed in the occipital lobe because of its characteristically high degree of folding.
The placement of each ROI was individually adjusted to ensure that only deep white matter
was included. In addition, cubic ROIs (6 mm3) were individually placed in the splenium and
genu of the corpus callosum. The deep white matter ROIs in a representative subject are
illustrated in Figure 2B.

DTl computations

The diffusion tensor and its 3 eigenvalues was calculated using log-linear regression in each
voxel (5). Using standard methods the mean diffusivity was computed as the average of the 3
eigenvalues. Anisotropy was expressed as relative anisotropy (RA), which assumes values in
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the range of 0 to 1 (21,22). Diffusion parameters were measured in individuals by averaging
over voxels within each ROI, critically, excluding voxels previously identified as lesion
(WMH). This procedure thus returned two DTI measures: relative anisotropy and mean
diffusivity (RA and MD) evaluated in normal appearing white matter.

Statistical analysis of group differences and correlations

RESULTS

All statistical analyses were performed using Cytel Studio Version 8.0 for exact statistics and
SAS Version 9.1 for the nonparametric statistics. Frequency matching by age and gender within
the groups was chosen as the design. Thus, all statistical tests were adjusted by or stratified by
age and gender, depending on the test. Age was categorized by terciles to ensure all statistical
tests were consistent. Because of the unbalanced sample sizes (depressed vs. healthy control
subjects in 3:1 ratio owing to recruitment strategy) the Wilcoxon-Mann-Whitney exact test
was performed to determine if the mean of the regional DTI measures differed between the
two groups stratified by age and gender. Partial Spearman correlation tests were performed to
assess within-group relations between processing speed and regional DT measures with
adjustment for age and gender. The question of whether these associations were mediated by
white matter lesion volume was investigated by computing correlations that were unadjusted
vs. adjusted by this measure.

ROI diffusion parameter comparisons

Consistent depressed vs. control group differences were found in all pre-frontal regions (frontal
ROIs excluding the motor ROI), in the other combined non-prefrontal regions (temporal,
parietal, occipital, and motor ROIs), and in the deep white matter regions. Accordingly, in the
interests of data reduction, DTI measures in anatomically related regions were combined. The
consolidated results are presented in Table 2.

As is evident in Table 2, all combined regions showed statistically significant depressed vs.
control group differences, with increased mean diffusivity (MD) in the depressed group. The
prefrontal regions alone demonstrated significant relative anisotropy (RA) differences between
depressed and controls, indicating a greater degree of microstructural abnormality in the
prefrontal WM as compared to other WM in the brain.

DTI correlations with WMH volumes

In the depressed subjects significant Spearman rank-order correlation results were seen
between most of the DTI parameters and WMH volume adjusted for age and gender (Table
3). These results were not seen in the control group, which demonstrated no significant
correlations. This was true despite there being no significant difference between the groups in
WMH volume, either over the whole brain or in any specific region.

DTl correlations with cognitive processing speed

In the depressed subjects, significant Spearman rank order correlations were seen between
processing speed and prefrontal MD and RA adjusted for age and gender (Table 4A).
Additional significant correlations were seen between processing speed and MD measured in
the deep WM ROI and the CC. Similar correlations were not observed in the control group.
WMH volume was significantly correlated with processing speed in the depressed (rg = —0.30,
p = 0.0147, N = 67) but not in the control group (rs = 0.28, p = 0.2288, N = 22), suggesting
that the relationship between cognitive impairment and DT measures might be mediated (in
a statistical sense) by WMH volume despite the fact that all DTI measures were obtained in
NAWM. This question was examined by recalculating Table 4A with additional adjustment
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for WMH volume (results listed in Table 4B). The only remaining significant Spearman
correlation with processing speed was with MD in the prefrontal region.

Having found significant correlations between several variables (WMH volume, processing
speed, and DTI measures in several ROIs) in the LLD group but not the control group, the
question arose regarding whether these group differences were statistically reliable. We
investigated this question using Bilker’s CORANOVA (23), a bootstrap-based procedure
suitable for evaluating the significance of non-parametric statistics, including Spearman rank
order correlations. CORANOVA showed significant group differences in correlation between
WMH volume and processing speed (p =.029). Similarly, the groups differed significantly in
the correlation between deep WM MD and processing speed (p < .005).

DISCUSSION

The most notable design feature of the present study is segmentation of discrete white matter
hyperintensities (WMH) and exclusion of these lesions from the DTI measurements. Since
mean diffusivity is elevated and relative anisotropy is decreased within WM lesions, omitting
the segmentation step (which currently is the norm in DT| studies) theoretically increases group
differences in comparisons such as those reported in Table 5. However, retaining the lesions
in WM ROIs means that observed DTI abnormalities could be attributable to the lesions. The
present experimental design disambiguates interpretation of obtained results. Our finding of
diffuse microstructural damage in normal appearing white matter suggests that WMH represent
a “tip of the iceberg” phenomenon. In other words, the appearance of discrete lesions on
conventional T1- and T2-weighted images implies that concomitant microstructural damage,
currently detectable only by DTI, is present in NAWM. Thus we conclude that white matter
abnormalities are detectable in NAWM outside of WMH.

Additional support for the view that WMH represent only a small portion of the overall white
matter pathology comes from a neuropathological study of WMH imaged both pre- and post-
mortem (24). Difference in the number of WMH lesions between depressed vs. control subjects
was found exclusively in punctate (<3mm) rather than larger lesions. Data acquired in other
laboratories indicate that the “tip of the iceberg” phenomenon is a characteristic of many
conditions other than vascular depression, e.g., inflammatory demyelinating disease (25-29)
and other neuropathologies (30-34).

We also addressed the question of location of brain white matter abnormalities. Our results are
broadly consistent with previous findings of DTI abnormalities in LLD that emphasize
prefrontal focality. Several previous DTI studies (summarized in Table 5) have reported white
matter changes in late life depression compared to age-matched controls. In aggregate, these
studies found lower white matter anisotropy in late life depression compared to age matched
controls, primarily in the frontal lobes, with some studies also reporting significant changes in
the temporal lobes, limbic areas and insula (1,2,35). One study found diffuse abnormalities
throughout the brain (36). No prior study of LLD employed lesion segmentation and evaluation
of diffusion properties in NAWM. Our results thus confirm prior findings of prefrontal white
matter disease in LLD (Table 5), but we suggest that a more accurate description of the
distribution of white matter disease in LLD would be that it is widespread (Table 2), although
with a prefrontal emphasis. Unlike some other studies, we did not observe a consistent relation
between severity of depression and white matter anisotropy (2). Nevertheless, a relation
between the categorical diagnosis of depression and white matter disease is apparent in the
robust effects listed in Table 2.

In addition, we found increased mean diffusivity (MD) in several ROIs including highly
significant LLD vs. control group differences in prefrontal white matter. Only one previous
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study (19) examined mean diffusivity but did not find LLD vs. control differences in any ROI.
This discrepancy may be attributable to technical factors including longer imaging time and
more elaborate preprocessing (e.g., head movement correction), which enhanced the sensitivity
of the present methodology in comparison to prior studies. Increased mean diffusivity generally
indicates elevated water content (6). In view of the established associations between
cerebrovascular risk factors, white matter disease and depression (*“vascular depression”)
(37-42), mean diffusivity increases in late life depression may represent loss of cellular
membranes and intracellular compartments consequent to chronic ischemia.

It is noteworthy that in our previous study of WMH in LLD (4), no group differences were
found in total WMH volume but the density of WMH was focally increased in specific white
matter regions, including the superior longitudinal fasciculus, inferior longitudinal fasciculus,
uncinate fasciculus and extreme capsule. This suggested that the emotional and cognitive
deficits in LLD might arise because of interruption of certain key white matter pathways.
Speculatively, the presently observed mean diffusivity changes in deep white matter could
reflect disconnection and secondary Wallerian degeneration.

However, the present results also support the notion that there may be a distinct white matter
pathopysiology that is diffusely present in normal appearing white matter and contributes to
LLD irrespective of WMH. In support of this interpretation, CORANOV A showed significant
group differences in the correlation between WMH volume and processing speed (p =.029).
In other words, for a given WMH lesion in a depressed person there was a stronger influence
on processing speed than in a matched control—even if that control had the same whole brain
WMH burden. In addition, deep white matter mean diffusivity and WMH volume were highly
correlated in depressed (Table 3, p <0.001) but not in control subjects and this group difference
was significant by Bilker’s CORANOVA (p < .005). Thus, it appears that the emotional and
cognitive features of LLD cannot be attributed simply to the presence of WMH. Rather, it
appears that an interaction between discrete WMH and diffusion abnormalities in NAWM (the
“tip of the iceberg phenomenon”) is characteristic of the pathophysiology of LLD. Further
supporting this notion was high correlation of DT1 abnormalities and impaired cognitive
function in the LLD group but not in controls. Specifically, highly significant associations were
found between processing speed and MD in the deep WM ROI, the CC, and prefrontal WM
ROI. These results add to accumulating evidence that white matter disease adversely affects
cognitive status in LLD (8,43,44) and suggests that there is a contribution of microstructural
abnormalities to cognitive dysfunction in addition to the contribution of WMH. The present
work does not address pathophysiological mechanisms in LLD, however it suggests
widespread compromise in white matter integrity. The observed correlations between WMH
volume, DTI measures and cognitive status are intriguing and warrant further investigation to
determine the potential for reversibility of the underlying pathophysiology.
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Figure 1.

Illustration of sequential image processing steps. A: T1-weighted image of one subject. B:
Coregistered T2-weighted image of the same subject. C: Segmentation result. Voxels
corresponding to WMH lesions are shown in purple. D: Mean diffusivity (MD). E: Relative
anisotropy (RA). F: Direction of the principal axis of diffusion color-coded using the standard
scheme. Red: left-right; Green: anterior-posterior; Blue: ventral-dorsal. Brightness is
proportional to the square root of the relative anisotropy.
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Figure 2.

Top row: Cortical (2D) ROIs defined on a population averaged landmark and surface based
atlas (PALS, Van Essen 2005. SFG: superior frontal gyrus; MFG: middle frontal gyrus; IFG:
inferior frontal gyrus; OFM: medial orbital frontal; OFL: lateral orbital frontal; DCC: dorsal
cingulate; ACC: anterior cingulate; VCC: ventral cingulate cortex; FP: fronto-polar; MC:
motor cortex; MTG: medial temporal gyrus; STG: superior temporal gyrus; VTC: ventral
temporal cortex (fusiform gyrus); SC: somatosensory cortex; IPG: inferior parietal gyrus; PVC:
primary visual cortex. Creation of 3D ROIs from 2D cortical patches is illustrated in Figure 3.
Bottom row: Deep white matter ROIs illustrated on atlas slices. Temporal, anterior frontal,
dorsal frontal, parietal posterior frontal ROIs are shown in axial views. The sagittal view shows
the anterior and posterior corpus callosum ROIs.
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Figure 3.

Creation of individual 3D ROI in subcortical white matter from 2D atlas ROI. A: After
transformation of the atlas—defined 2D region into subject data space and projection by 3mm
into the white matter. B: After isotropic dilation by 2mm. C: After exclusion of gray matter by
masking and additional erosion by one voxel to prevent volume averaging with gray matter.
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Demographic Information

Table 1

Depressed N=78 Control N=23 p
Gender™, n (%) 0.459
Male 24 (30.8%) 9 (39.1%)
Female 54 (69.2%) 14 (60.9%)
Race™, n (%) 1.000
White 71 (91.0%) 22 (95.7)
Black 6 (7.7%) 1 (4.3%)
Asian 1(1.3%) 0 (0%)
Age™ Mean (SD) 68.6 (7.7) 70.0 (5.9) 0.207
Education™ Mean (SD) 14.1(29) 15.3(26) 0.108
MADRS Score™™ Mean (SD) 26.9 (4.2) (n=13) 1.8 (1.2) <0.001
Vascular burden™@ Mean (SD) 1216 11732 0.555

*
Fisher’s exact test,

F%k

Wilcoxon-Mann-Whitney Exact Test

aVascular burden score is a composite score as described in the Framingham Study.
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Summary of the recent literature on DTI measurements in LLD. Articles in young depressed or with other co-
morbidities were excluded. FA — Fractional anisotropy, an analogous measure of anisotropy to RA. IC — Internal
Capsule, ECT — Electroconvulsive therapy, other abbreviations as in the text.

Reference Number Subjects DTI Value Region Evaluated Major Result
Alexopoulosetal., 2002 13 FA Frontal ROI based Low FA was
(45) associated with
low remission
rate
Taylor et al., 2004 (3) 33 FA Frontal, Occipital, Low FA in
ROI based depressed, one
ROI
Nobuhara et al., 2004 20 FA Frontal, Temporal, Low FA in
(46) CC, ROI based depressed, post
ECT changes
Nobuhara et al., 2006 26 FA Whole brain, ROI Low FA in
) based depressed in the
frontal and
temporal
Bae et al., 2006 (19) 190 FA, MD Frontal, IC, CC, ROI Low FA in
based depressed, no
difference in
MD
Yang et al., 2007 (35) 46 FA Frontal, Temporal, Low FA in
CC, ROI based depressed in
multiple regions
Murphy et al., 2007 51 FA Whole brain, Voxel Low FA in
(44) based depressed in
multiple regions
Yuan et al., 2007 (36) 30 FA Whole brain, Voxel Low FA in
based depressed in
multiple regions
Alexopoulosetal., 2008 48 FA Whole brain, Voxel Low FA
1) based decreased
likelihood for
remission
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