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Abstract
White matter lesions, commonly seen on magnetic resonance images of elderly people, are related
to various geriatric disorders including cerebrovascular diseases, cardiovascular diseases, dementia,
and psychiatric disorders. Currently, white matter lesions are divided into periventricular white
matter lesions and deep white matter lesions. Although the meaning of these terms vary by study and
this dichotomization itself is still in debate, a possible dissimilarity in pathogenic mechanisms
between periventricular white matter lesions and deep white matter lesions are providing some clues
for understanding pathophysiology of many geriatric syndromes associated with white matter lesions.

We have reviewed the distinctions between periventricular white matter lesions and deep white
matter lesions in terms of etiology, histopathology, functional correlates, and imaging methodologies.
We suggest a new sub-classification of white matter lesions which may have better etiological and
functional relevance than the current simple dichotomization. The new categories are
juxtaventricular, periventricular, deep white, and juxtacortical. This new classification scheme may
contribute to reducing the heterogeneity of white matter lesion findings in future research.

Keywords
White matter lesion; elderly; periventricular; deep white matter; juxtaventricular; juxtacortical

CORRESPONDENCE: Martha E. Payne, PhD, RD, MPH, Duke University Medical Center, 2200 West Main Street, Suite B210,
Durham, NC 27705, USA, Tel.: (919) 416-7543 Fax: (919) 416-7547 Email: martha.payne@duke.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.
FINANCIAL DISCLOSURES
Drs. Kim, MacFall, and Payne reported no biomedical financial interests or potential conflicts of interest.

NIH Public Access
Author Manuscript
Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

Published in final edited form as:
Biol Psychiatry. 2008 August 15; 64(4): 273–280. doi:10.1016/j.biopsych.2008.03.024.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
The areas in cerebral white matter that appear hyperintense on T2-weighted magnetic
resonance imaging and hypointense on computed tomography are commonly referred to as
white matter lesion (WMLs). WMLs are commonly seen on MR images of elderly people.
MRI lesion prevalence in community-dwelling elderly was reported to range from 5.3% to
100%, depending on study design, study population, and assessment method (1–5).

Although WMLs are frequently found in clinically healthy elderly people (6), WMLs were
found to influence mental (7,8) and physical function (9,10). Furthermore, WMLs are related
to various geriatric disorders: cerebrovascular diseases (11–13), cardiovascular diseases (1,9,
14), dementia (15–17), psychiatric disorders such as major depressive disorder (18–20), bipolar
disorder (21), and schizophrenia (22), neurologic disorders such as multiple sclerosis (23) and
normal pressure hydrocephalus (24), and inflammatory diseases such as systemic lupus
erythematosus (25). Therefore, the presence, form and severity of WMLs may provide
additional characterization of aging, pathophysiology of geriatric disorders, and the relation
between aging and geriatric disorders.

The forms of WMLs are quite variable: periventricular caps or rims or halos, subcortical
multiple punctuate or patchy lesions, partially confluent or confluent lesions (see Figure 1).
These various WMLs are often divided into two broad categories: periventricular WMLs
(PVWMLs) which are attached to the ventricular system and deep WMLs (DWMLs) which
are located apart from the cerebral ventricle in subcortical white matter. Since PVWMLs have
been consistently associated with different clinical, histopathological, and etiological
correlates from DWMLs, a possible dissimilarity in pathogenic mechanisms between
PVWMLs and DWMLs may provide the clues for understanding pathophysiology of many
geriatric syndromes associated with white matter lesions.

However, varying terminology and definitions for PVWMLs and DWMLs make it difficult to
compare lesion findings across studies, and the PVWML/DWML dichotomization itself is still
in debate. Thus, here we reviewed the distinctions between PVWMLs and DWMLs in terms
of etiology, histopathology, functional correlates, and imaging methodologies, and have
suggested a new sub-classification of WMLs that may help to reduce possible heterogeneities
of PVWMLs and DWMLs in future research.

DISTINCTIONS BETWEEN PVWML AND DWML
1. Definitions of PVWML and DWML

Fazekas et al. were first to rate PVWML and DWML separately (16). They defined PVWML
as WMLs contiguous with the margins of each lateral ventricle and DWMLs as those separate
to it. This ‘continuity [to ventricle] rule’ has been applied in most of the visual rating scales
for WMLs (14,16,18,26–28). In those scales, other characteristics of WMLs such as their shape,
size, and number were not used in defining PVWML but were used instead in grading the
severity of PVWML; shape of WMLs (16,18,27), shape and size of WMLs (26), or size and
numbers of WMLs (28).

However, complementary rules were needed for classifying PVWMLs and DWMLs since the
irregular PVWMLs tend to coalesce with DWMLs in advanced stages of WMLs. Furthermore,
PVWMLs were found to be associated with different histopathologies according to their shapes
(16). In some studies, the distance from the ventricular surface was used for classifying
PVWMLs and DWMLs. DeCarli et al. defined WMLs within 1 cm from the ventricular as
PVWML. (29) Wen and Sachdev applied an empirical distance from the ventricular surface
instead of an arbitrary distance such as 1 cm (5). The shape and size of WMLs were additionaly
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used for classifying PVWMLs and DWMLs. Irregular PVWMLs were classified as DWMLs
in Schmidt et al. (27), and PVWMLs larger than 10 mm were classified as DWMLs in Scheltens
et al. (26).

So far, there are no widely accepted rules for defining PVWMLs other than the continuity rule.
Using the distance from the ventricular surface or size of the lesion used in defining PVWMLs
lacks a physiological or pathological basis. The irregularity of the WML shape, although it has
some histopathological basis, is not easily quantifiable. Moreover, the continuity rule is not
applicable in the subjects with advanced WMLs since PVWMLs and DWMLs often adjoin
each other at this stage. The arbitrary nature, limited feasibility, and inconsistent application
of the rules in defining PVWMLs might have increased the heterogeneity of findings related
to PVWMLs, and thus confounded the studies on prevalence, risk factors, neurobehavioral
outcomes, and histopathologies of WMLs.

2. Functional correlates
The human brain contains multiple networks of interconnected neurons that serve not only
motor and sensation but also neurobehavioral functions such as attention, memory, language,
visuospatial ability, complex cognition, and emotion (30). Damage to white matter may disrupt
higher cortical functions that employ these networks. This disruption may occur even when
cortical and subcortical gray matters are intact. Destruction of white matter may be especially
critical in late life since white matter volume may decline with age more than gray matter
volume (31). In this sense, it is logical that WMLs on MRI may be associated with various
neurobehavioral syndromes.

As might be expected, the presence and severity of WML have been consistently related to
cognitive function (8,9) and emotion (20,32,33) in the elderly. The disruption of subcortical–
cortical connections by WMLs may be detrimental to cortical gray matter integrity and result
in cognitive and emotional dysfunctions. Although executive function can be impaired by
WMLs regardless to their locations due to substantial convergence of fiber pathways on the
frontal lobes (24), neurobehavioral conditions associated with WMLs were not uniform by the
location of WMLs. The risk of dementia (15,20) and severity of cognitive impairment in
demented patients (34) were preferentially associated with PVWML rather than DWML. In
the non-demented elderly, cognitive impairment (especially psychomotor speed) (8,15), rate
of cognitive decline (35), and medial temporal lobe atrophy (36) were also preferentially
associated with the severity of PVWML rather than that of DWML. In contrast, the risk (20,
32,33) and outcomes (37) of mood disorders were preferentially associated with DWML rather
than PVWML. For major depression, there is strong evidence that severity correlates with the
WMLs in the frontal lobe, particularly the orbital frontal cortex (38). In addition, among those
with depression, the severity of cognitive impairment was also preferentially associated with
DWML rather than PVWML (39). These findings indicate that the dichotomization of WML
into PVWML and DWML may have a substantial functional relevance. We were unable to
find studies on schizophrenia and other non mood-related disorders which endeavored to
distinguish deep WMLs from periventricular WMLs. However, this distinction may also be
useful in future studies of those conditions.

3. Histopathologic correlates
In addition to the functional correlates, histopathologic correlates of WMLs differ between
PVWMLs and DWMLs.

Differences in histopathology between PVWML and DWML are comprehensively discussed
in a review by Fazekas et al.(40) PVWMLs were found to be due to one of three main causes:
ependymal loss, differing degrees of myelination in adjacent fiber tracts, and cerebral ischemia
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with associated demyelination (41). Periventricular caps and smooth halo constituted areas of
demyelination associated with subependymal gliosis and discontinuity of the ependymal lining,
which are nonischemic in nature. Periventricular caps reflect predominantly a specific
anatomic situation characterized by loosely arranged fine-fiber tracts with low myelin and high
extracellular fluid content. In these lesions, ependymitis granularis which represents patchy
loss of the ependyma with astrocytic gliosis is also frequently observed (42). A smooth
periventricular halo has been linked to disruption of the ependymal lining with subependymal
gliosis and concomitant loss of myelin. In addition, some PVWMLs, especially the lesions
directly periventricular, were found to be related to venous congestion due to non-inflammatory
periventricular venous collagenosis (43). In contrast, irregular PVWMLs and DWMLs were
associated with microcystic infarcts and patchy rarefaction of myelin which are ischemic in
nature (41,44). Punctuate, early confluent and confluent DWML correspond to increasing
severity of ischemic tissue damage ranging from mild perivascular alterations to large areas
with variable loss of fibers, multiple small cavitations, and marked arteriosclerosis (11). In
addition, the underlying histopathology of WMLs may also differ by the characteristics of
sample. For example, the punctuate DWMLs smaller than 3mm were found to be
predominantly ischemic in depressed subjects but not in normal elderly (45).

WMLs were also found to be associated with cortical atrophy and cortical hypometabolism in
both dementia patients and normal elderly (24,46,47). The regional cerebral blood volume
(rCBV) was also correlated with the volume of WMLs in the same lobe.(48). Although these
observations have not been consistently replicated (49,50), it is reasonable to assume that both
the location and the volume of WMLs may influence their effect on regional cortical
metabolism and function.(24) It is not clear yet whether the association of WMLs with cortical
atrophy and hypometabolism is due to Wallerian degeneration or due to retrograde
degeneration and deafferentiation. Considering the histopathologies of WMLs, periventricular
caps, rims, and smooth halos may be attributed to Wallerian degeneration whereas irregular
PVWMLs and DWMLs may not. (47)

In summary, smooth PVWMLs including caps and halos are more likely to be non-ischemic,
whereas DWMLs and irregular PVWMLs ischemic, indicating that the dichotomization of
WMLs into PVWMLs and DWMLs may have a considerable histopathologic relevance.

4. Etiologic factors
PVWMLs and DWMLs have been found to be differentially influenced by vascular risk factors.
A history of cerebrovascular disease (51), the presence of aortic atherosclerosis during midlife
(52), and the presence of carotid atherosclerosis (14) were preferentially associated with
PVWML. High serum carotenoid level which had been reported to be protective for carotid
atherosclerosis was related to decreased PVWMLs but not to DWMLs (53). The subtype of
ischemic strokes has been found to be differentially associated with the type of WML. PVWML
was a predictor for the border-zone infarcts especially around the posterior horns, whereas
DWML was a predictor for lacunar infarcts (54). High plasma homocysteine level which had
been reported to be a risk factor for small vessel disease (SVD) (55) was related to increased
DWML but not to PVWML in both normal elderly and AD patients (56,57).

To summarize, PVWMLs and DWMLs may have dissimilar pathogenic mechanisms.
PVWML may be more hemodynamically determined whereas DWML may be more attributed
to SVD.

Deep periventricular white matter lesions, in area extending between 3 and 13 mm from the
ventricular surface, are more likely to be hemodynamically determined (58–60) since this area
is supplied by noncollateralizing ventriculofugal vessels arising from subependymal arteries.
These branches originate either from the choroidal arteries or from terminal branches of the
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rami striate (61). Although these ventriculofugal vessels run toward the penetrating centripetal
vessels coming from the pial surface, anastomeses between these two groups of vessels are
either scarce or absent (62). Thus, this area is prone to focal or systemic hypoperfusion.
Atherosclerosis might be the substrate for the decrease of blood flow, and carotid
atherosclerosis which is preferentially associated with PVWML is one of major causes of
cerebral hypoperfusion.

In contrast, deep white matter areas such as the centrum semiovale are fed by medullary arteries
arising from the cortical branches of middle cerebral arteries, and are more likely sensitive for
SVD (63). SVD has different risk factors from large vessel diseases. Hypertension is more
common in SVD than large vessel diseases, whereas hypercholesterolemia, smoking,
myocardial infarction and peripheral vascular disease are more common in large vessel diseases
(64). Hypertension may induce fibrohyalinosis with thickening of the wall and narrowing of
the vascular lumen on the small penetrating arteries and arterioles of the white matter.
Fibrohyalinosis is a diffuse change in the medullary arteries, a focal or segmental
microangiopathy that mainly involves the penetrating arteries in the deep gray matter and
cerebral cortex (65). This arteriolosclerosis may alter the blood supply of white matter and lead
to either localized ischemic areas of necrosis and cavitation or diffuse rarefaction (66). In
contrast to the centrum semiovale which as a single blood supplying source, juxtacortical white
matter is irrigated not only by the long penetrating medullary vessels but also by shorter vessels
that straddle both the white matter and the adjacent cortex (59,61). Thus the U-fibers, a strip
of cerebral white matter (3 to 4mm in width) located immediately beneath the cerebral cortex,
are mostly spared from WMLs.

Compared to DWMLs and ischemic PVWMLs, arteriolar vessel wall changes are not a
common observation in periventricular caps or halos (11,67). Given the smooth margin of this
pencil-thin lining or halolike WMLs, it seems unlikely that ischemia or demyelination would
be the cause. It may rather represent the disruption of the ependymal lining and an increase in
interstitial water reabsorption (16). The structural alterations in the ependymal cells may result
in leakage of CSF into the adjacent brain parenchyma. Age-related changes affecting the
penetrating vessels and altering the blood brain barrier (BBB) could hinder the reabsorption
of this excessive interstitial fluid (66). This explanation is consistent with the observation that
periventricular caps seem to present first, since the area that has to be drained of interstitial
water will be greatest for the tips of the ventricles (16). In patients with obstructive
hydrocephalus, MRI scans have demonstrated a smooth halo surrounding the ventricles,
believed to be indicative of edema from transependymal resorption of CSF.(68)

In summary, irregular PVWMLs are more likely determined by chronic hemodynamic
insufficiency, whereas DWMLs are more likely determined by SVD, indicating that PVWML-
DWML dichotomization may also have an etiological relevance which is very important when
considering potential therapeutic intervention. In addition, smooth PVWMLs may be linked
to the increase of interstitial fluid rather than ischemic changes, suggesting that further sub-
classification of PVWMLs is needed.

METHODOLOGICAL ISSUES IN QUANTITATING PVWML AND DWML
1. Volumetric and quantitative scoring of WMLs

Until recently, the measurement of WMLs involved qualitative or semi-quantitative visual
rating scales. These scales were defined to serve various purposes including overall WML
rating, PVWML rating, and differential rating for PVWML and DWML, and thus scores from
different rating scales are not directly comparable. This heterogeneity of scales likely
contributed to the inconsistent results in previous studies on WMLs (69). In addition, visual
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rating scales inevitably have some limitations including nonlinearity of data, lack of sensitivity
to small changes, and susceptibility to ceiling effects (9,16,70).

In this sense, quantitative measurements are superior to qualitative or semi-quantitative visual
rating scales. Currently, semi-automated quantification methods are often considered as the
best alternative to manual contouring or visual rating in large-scale studies because they are
more reliable and time-efficient than visual rating scales and can give linear quantitative data
(71). However, semi-automated methods are still labor intensive and time consuming and
require well-trained analysts. Fully automated quantification methods of WMLs are not yet
optimal either since manual correction is needed to improve accuracy (72,73). Although some
semi-automated methods include sub-segmentation of PVWML and DWML using distance
from the ventricular surface (5,29), sub-segmentation has not yet been included in fully
automated methods.

2. Image acquisition
Due to a higher water content and degeneration of macromolecular structures, WMLs have
different relaxation rates compared to healthy white matter, and thus are seen as a higher signal
on T2-weighted spin echo sequences (T2), proton density sequencs (PD), and fluid-attenuated
inversion-recovery sequences (FLAIR). However the extent of WMLs may not look the same
on the different images (74). The FLAIR sequence is especially sensitive to white matter
pathology (75,76) because the inversion pulse can be chosen to null the signal from CSF, thus
allowing the periventricular region to be easily detected, and reduces the signal from gray
matter allowing optimization of lesion contrast with surrounding brain (77). However, there is
a risk for overestimating lesions (78,79) and FLAIR may be less sensitive to the lesions in the
posterior fossa (79). Although the sensitivity of T2 and PD channels for detecting WMLs was
fairly high, the false negative rate was not negligible and was mainly associated with milder
pathology (80,81). FLAIR sensitivity and specificity reported for PVWMLs was 95% (87–
99%) and 71% (44–90%), and those for DWMLs were 86% (79–93%) and 80% (72–88%).
(82).

Therefore, the combination of FLAIR with a redundant source such as T2 will increase the
certainty of the lesion delineation and reduce false positives. For example, the signal intensity
of lacunar infarcts and Virchow Robin spaces, regions that are generally excluded from WML
segmentation, increases on T2 and PD images but decreases in FLAIR. Thus FLAIR and T2
may be complementary sources for a better characterization of WMLs (72).

T1 can be used for further characterization of PVWML. Since frontal PVWMLs showed the
lower MTR and higher proportion of the hypointense lesions in T1 than occipital PVWMLs
(83), the WMLs on FLAIR, T2, or PD images with the hypointense lesion in the corresponding
areas on T1 may have different functional, histopathological, and etiological correlates
compared with those without corresponding hypointense lesions in T1.

In addition, magnetization transfer image (MTI) may be useful for characterizing WMLs
further (83,84). In MTI, magnetization transfer ratio (MTR) of PVWML was lower than that
of DWML (83), which supported the notion that PVWMLs may have different histopathology
from DWMLs. Since MTR reflects changes in the macromolecular structure of tissue, MTR
may indicate the severity of tissue damage. Hanyu et al.(85) has demonstrated that the MTR
of PVWML shows a high positive correlation with global cognition in patients with
Binswanger’s disease.

Diffusion-weighted imaging (86) has been used to characterize white matter structure and
WMLs in depression (87–89). Such methods can measure the apparent diffusion coefficient
(ADC) or the fractional anisotropy (FA) of tissue, allowing additional sensitivity to tissue
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microstructure. Typically, lesions have elevated values off ADC, reduced values of FA and no
differentiation between lesions in normal subjects and controls. However, normal appearing
white matter does exhibit FA differences between normal and depressed subjects. Thus
diffusion imaging may offer a window into early, more wide-spread white matter alterations
of microstructure before the development of specific lesions.

Perfusion weighted imaging can be used to examine the distribution of an MR contrast agent
in the vascular space in and around lesions. The method allows assessment of the regional
cerebral blood flow and volume. Investigators have found that there is a gradation of flow and
blood volume in WMLs that decreases from normal tissue on the periphery to reduced values
in the center of a lesion (49).

SUGGESTIONS FOR FUTURE RESEARCH
To improve the value of WMLs as etiological or prognostic markers in research and clinical
settings, it is critical to reduce the heterogeneity of WML definition and measurement. To
reduce the heterogeneity in measurement of WMLs, it is necessary to eliminate the
inconsistencies in detecting and sub-classifying methods for WMLs.

Although the majority of MRI studies of WML have been conducted on 1.5T MR scanners,
this will change with the increased availability of high-field MR scanners. With a magnetic
field strength of 3.0 T or higher, a variety of exciting improvements in clinical and research
applications are expected. In general, high-field MR scan (3T or over) may offer better spatial
resolution and higher signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) than a low-
field MR scanner (1.5T or below), and thus increase the sensitivity to small WMLs or early
WMLs.

No studies report on the influence of static magnetic field strength to sensitivity and specificity
for age-related WMLs. This issue has been addressed in MS but findings should be interpreted
with caution because of the inherent differences between MS and age-related WMLs such as
underlying histopathology. Several studies have addressed this issue by comparing image
quality, lesion detection and diagnostic value of higher (3-4T) and lower (1.5T) field MR
scanners in multiple sclerosis (MS) patients (90–92). Relative to scanning at 1.5T, the 3T scans
showed a 21% increase in the number of detectable contrast enhancing lesions and a 10%
increase in total lesion volume measured on proton density weighted images.(90)

Although the MR sequences optimal for detecting WMLs may change as the MRI technology
develops, a FLAIR sequence with T2 and/or PD is currently the best combination. In addition
to these conventional sequences, magnetization transfer imaging (MTI) which can reflect
histological differences (83,84), diffusion-weighted imaging which can distinguish acute
periventricular white matter infarction from PVWMLs (37), and diffusion tensor imaging
which can show the impact of WMLs on white matter tracts, would be helpful for reducing
further the heterogeneity of WMLs detected from conventional MR sequences. Susceptibility-
weighted imaging (93) is a method that can enhance the contrast of tissues that concentrate
iron. Iron deposition can be involved in normal ageing, dementias, inflammatory processes
and microhemorrage and thus this technique may provide additional information about the
condition in and near WML. Finally, magnetic resonance spectroscopy (MRS) has been used
to evaluate demylinating disorders (principally multiple sclerosis). MRS can detect changes in
N-acetyl-aspartate, a marker of intact neurons, as well as choline, creatine, myoinositol and
lactate (94). Since many of the measures used to detect lesions (mainly the T2 difference
compared to normal tissue) are nonspecific, these latter methods, use in a multiparametric
manner may allow, in future research, better understanding and classification of these lesions
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Sub-classification of WMLs is recommended but should be based not on arbitrary criteria but
on a pathological or functional basis. By sub-classifying WMLs, we aim to make WML
findings more relevant etiologically and functionally. In terms of etiology, histopathological
and risk factor studies on WMLs have consistently indicated that WMLs should be sub-
classified into ischemic WML and non-ischemic WML. (Figure 2)

Ischemic WMLs can be sub-classified into PVWML and DWML since PVWMLs are more
likely to be hemodynamically determined whereas DWMLs are more likely to be determined
by small vessel disease. Since the periventricular watershed area ranges from 3mm to 13mm
from the ventricular surface, we propose defining the WMLs in this area as ischemic PVWMLs
regardless of connectivity with the ventricular surface (58–60). WMLs 13mm or further from
the ventricular surface should be classified as ischemic DWMLs (see Figure 2).

Non-ischemic WMLs are often located in juxtaventricular areas, usually within 3mm from
ventricular surface (58–60) and directly contiguous to the ventricular surface, since they likely
result from CSF leakage (16,66,95–97). To differentiate these lesions from the PVWMLs
located in the periventricular watershed zones, we suggest classifying them separately as
juxtaventricular white matter lesions (JVWML). (Figure 2)

Lastly, DWMLs within 4mm from corticomedullary junction, although their total volume is
usually very small, may be further sub-classified as juxtacortical white matter lesion (JCWML)
for two reasons. First, JCWMLs may have different vascular etiologies from DWMLs since
juxtacortical white matter areas have a dual blood supply. Second, the functional correlates of
JCWMLs may differ from those of DWMLs since the majority of juxtacortical white matter
consists of U-fibers instead of long white matter tracts. (Figure 2) The definitions of JVWMLs,
PVWMLs, DWMLs, and JCWMLs are summarized in Table 1. Although the criteria used in
this subclassification may be less precise than desired, it may contribute to reducing the
heterogeneity of WML assessment since these rules are supported from better anatomical and
pathological bases than the previous ones.

Automated quantification methods of WMLs are rapidly evolving, and should make it easier
to apply fine quantitative criteria for the sub-classification WMLs based on the anatomical and
pathological factors. Compared to the semiquantitative visual rating scales, these automated
quantification methods will be much more accommodating to the minor differences in the sub-
classification criteria of WMLs. Therefore, now is the time to develop consensus regarding
sub-classification criteria for WMLs that are more etiologically and functionally relevant.
Longitudinal studies, particularly those involving middle-aged and older adults, are needed in
order to elucidate the etiology of white matter changes.

ACKNOWLEDGMENTS
This work was supported by an Independent Research Grant from Pfizer Global Pharmaceuticals (Grant No.
06-05-039) and NIMH Grant No.MH60451.

REFERENCES
1. Breteler MM, van Swieten JC, Bots ML, Grobbee DE, Claus JJ, van den Hout JH, et al. Cerebral white

matter lesions, vascular risk factors, and cognitive function in a population-based study: the Rotterdam
Study. Neurology 1994;44:1246–1252. [PubMed: 8035924]

2. de Leeuw FE, de Groot JC, Achten E, Oudkerk M, Ramos LM, Heijboer R, et al. Prevalence of cerebral
white matter lesions in elderly people: a population based magnetic resonance imaging study. The
Rotterdam Scan Study. Journal of neurology, neurosurgery, and psychiatry 2001;70:9–14.

Kim et al. Page 8

Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Hopkins RO, Beck CJ, Burnett DL, Weaver LK, Victoroff J, Bigler ED. Prevalence of white matter
hyperintensities in a young healthy population. J Neuroimaging 2006;16:243–251. [PubMed:
16808826]

4. Launer LJ, Berger K, Breteler MM, Dufouil C, Fuhrer R, Giampaoli S, et al. Regional variability in
the prevalence of cerebral white matter lesions: an MRI study in 9 European countries (CASCADE).
Neuroepidemiology 2006;26:23–29. [PubMed: 16254450]

5. Wen W, Sachdev P. The topography of white matter hyperintensities on brain MRI in healthy 60- to
64-year-old individuals. NeuroImage 2004;22:144–154. [PubMed: 15110004]

6. Ylikoski A, Erkinjuntti T, Raininko R, Sarna S, Sulkava R, Tilvis R. White matter hyperintensities on
MRI in the neurologically nondiseased elderly. Analysis of cohorts of consecutive subjects aged 55
to 85 years living at home. Stroke; a journal of cerebral circulation 1995;26:1171–1177. [PubMed:
7604409]

7. Akisaki T, Sakurai T, TakataQ T, Umegaki H, Araki A, Mizuno S, et al. Cognitive dysfunction
associates with white matter hyperintensities and subcortical atrophy on magnetic resonance imaging
of the elderly diabetes mellitus Japanese elderly diabetes intervention trial (J-EDIT). Diabetes/
metabolism research and reviews 2006;22:376–384. [PubMed: 16506272]

8. de Groot JC, de Leeuw FE, Oudkerk M, van Gijn J, Hofman A, Jolles J, et al. Cerebral white matter
lesions and cognitive function: the Rotterdam Scan Study. Annals of neurology 2000;47:145–151.
[PubMed: 10665484]

9. Longstreth WT Jr, Manolio TA, Arnold A, Burke GL, Bryan N, Jungreis CA, et al. Clinical correlates
of white matter findings on cranial magnetic resonance imaging of 3301 elderly people. The
Cardiovascular Health Study. Stroke; a journal of cerebral circulation 1996;27:1274–1282. [PubMed:
8711786]

10. Sachdev PS, Wen W, Christensen H, Jorm AF. White matter hyperintensities are related to physical
disability and poor motor function. Journal of neurology, neurosurgery, and psychiatry 2005;76:362–
367.

11. Fazekas F, Kleinert R, Offenbacher H, Schmidt R, Kleinert G, Payer F, et al. Pathologic correlates
of incidental MRI white matter signal hyperintensities. Neurology 1993;43:1683–1689. [PubMed:
8414012]

12. Kuller LH, Longstreth WT Jr, Arnold AM, Bernick C, Bryan RN, Beauchamp NJ Jr. White matter
hyperintensity on cranial magnetic resonance imaging: a predictor of stroke. Stroke; a journal of
cerebral circulation 2004;35:1821–1825. [PubMed: 15178824]

13. Wen W, Sachdev PS. Extent and distribution of white matter hyperintensities in stroke patients: the
Sydney Stroke Study. Stroke; a journal of cerebral circulation 2004;35:2813–2819. [PubMed:
15499036]

14. de Leeuw FE, de Groot JC, Bots ML, Witteman JC, Oudkerk M, Hofman A, et al. Carotid
atherosclerosis and cerebral white matter lesions in a population based magnetic resonance imaging
study. Journal of neurology 2000;247:291–296. [PubMed: 10836622]

15. Prins ND, van Dijk EJ, den Heijer T, Vermeer SE, Koudstaal PJ, Oudkerk M, et al. Cerebral white
matter lesions and the risk of dementia. Archives of neurology 2004;61:1531–1534. [PubMed:
15477506]

16. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA. MR signal abnormalities at 1.5 T in
Alzheimer's dementia and normal aging. Ajr 1987;149:351–356. [PubMed: 3496763]

17. Yoshita M, Fletcher E, Harvey D, Ortega M, Martinez O, Mungas DM, et al. Extent and distribution
of white matter hyperintensities in normal aging, MCI, and AD. Neurology 2006;67:2192–2198.
[PubMed: 17190943]

18. Coffey CE, Figiel GS, Djang WT, Weiner RD. Subcortical hyperintensity on magnetic resonance
imaging: a comparison of normal and depressed elderly subjects. The American journal of psychiatry
1990;147:187–189. [PubMed: 2301657]

19. Krishnan KR, Goli V, Ellinwood EH, France RD, Blazer DG, Nemeroff CB. Leukoencephalopathy
in patients diagnosed as major depressive. Biological psychiatry 1988;23:519–522. [PubMed:
3345325]

Kim et al. Page 9

Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



20. O'Brien J, Desmond P, Ames D, Schweitzer I, Harrigan S, Tress B. A magnetic resonance imaging
study of white matter lesions in depression and Alzheimer's disease. Br J Psychiatry 1996;168:477–
485. [PubMed: 8730945]

21. Dupont RM, Jernigan TL, Butters N, Delis D, Hesselink JR, Heindel W, et al. Subcortical
abnormalities detected in bipolar affective disorder using magnetic resonance imaging. Clinical and
neuropsychological significance. Archives of general psychiatry 1990;47:55–59. [PubMed:
2294856]

22. Bigler ED, Kerr B, Victoroff J, Tate DF, Breitner JC. White matter lesions, quantitative magnetic
resonance imaging, and dementia. Alzheimer disease and associated disorders 2002;16:161–170.
[PubMed: 12218647]

23. Filippi M, Dousset V, McFarland HF, Miller DH, Grossman RI. Role of magnetic resonance imaging
in the diagnosis and monitoring of multiple sclerosis: consensus report of the White Matter Study
Group. J Magn Reson Imaging 2002;15:499–504. [PubMed: 11997889]

24. Tullberg M, Hultin L, Ekholm S, Mansson JE, Fredman P, Wikkelso C. White matter changes in
normal pressure hydrocephalus and Binswanger disease: specificity, predictive value and correlations
to axonal degeneration and demyelination. Acta neurologica Scandinavica 2002;105:417–426.
[PubMed: 12027829]

25. Ainiala H, Dastidar P, Loukkola J, Lehtimaki T, Korpela M, Peltola J, et al. Cerebral MRI
abnormalities and their association with neuropsychiatric manifestations in SLE: a population-based
study. Scand J Rheumatol 2005;34:376–382. [PubMed: 16234185]

26. Scheltens P, Barkhof F, Leys D, Pruvo JP, Nauta JJ, Vermersch P, et al. A semiquantative rating scale
for the assessment of signal hyperintensities on magnetic resonance imaging. Journal of the
neurological sciences 1993;114:7–12. [PubMed: 8433101]

27. Schmidt R, Fazekas F, Kleinert G, Offenbacher H, Gindl K, Payer F, et al. Magnetic resonance
imaging signal hyperintensities in the deep and subcortical white matter. A comparative study
between stroke patients and normal volunteers. Archives of neurology 1992;49:825–827. [PubMed:
1524515]

28. Erkinjuntti T, Gao F, Lee DH, Eliasziw M, Merskey H, Hachinski VC. Lack of difference in brain
hyperintensities between patients with early Alzheimer's disease and control subjects. Archives of
neurology 1994;51:260–268. [PubMed: 8129637]

29. DeCarli C, Fletcher E, Ramey V, Harvey D, Jagust WJ. Anatomical mapping of white matter
hyperintensities (WMH): exploring the relationships between periventricular WMH, deep WMH,
and total WMH burden. Stroke; a journal of cerebral circulation 2005;36:50–55. [PubMed:
15576652]

30. Mesulam MM. Large-scale neurocognitive networks and distributed processing for attention,
language, and memory. Annals of neurology 1990;28:597–613. [PubMed: 2260847]

31. Double KL, Halliday GM, Kril JJ, Harasty JA, Cullen K, Brooks WS, et al. Topography of brain
atrophy during normal aging and Alzheimer's disease. Neurobiology of aging 1996;17:513–521.
[PubMed: 8832624]

32. de Groot JC, de Leeuw FE, Oudkerk M, Hofman A, Jolles J, Breteler MM. Cerebral white matter
lesions and depressive symptoms in elderly adults. Archives of general psychiatry 2000;57:1071–
1076. [PubMed: 11074873]

33. Krishnan MS, O'Brien JT, Firbank MJ, Pantoni L, Carlucci G, Erkinjuntti T, et al. Relationship
between periventricular and deep white matter lesions and depressive symptoms in older people. The
LADIS Study. International journal of geriatric psychiatry 2006;21:983–989. [PubMed: 16955428]

34. Bracco L, Piccini C, Moretti M, Mascalchi M, Sforza A, Nacmias B, et al. Alzheimer's disease: role
of size and location of white matter changes in determining cognitive deficits. Dementia and geriatric
cognitive disorders 2005;20:358–366. [PubMed: 16192726]

35. De Groot JC, De Leeuw FE, Oudkerk V, Van Gijn J, Hofman A, Jolles J, et al. Periventricular cerebral
white matter lesions predict rate of cognitive decline. Annals of neurology 2002;52:335–341.
[PubMed: 12205646]

36. de Leeuw FE, Korf E, Barkhof F, Scheltens P. White matter lesions are associated with progression
of medial temporal lobe atrophy in Alzheimer disease. Stroke; a journal of cerebral circulation
2006;37:2248–2252. [PubMed: 16902173]

Kim et al. Page 10

Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



37. Moore PB, Shepherd DJ, Eccleston D, Macmillan IC, Goswami U, McAllister VL, et al. Cerebral
white matter lesions in bipolar affective disorder: relationship to outcome. Br J Psychiatry
2001;178:172–176. [PubMed: 11157432]

38. MacFall JR, Payne ME, Provenzale JE, Krishnan KR. Medial orbital frontal lesions in late-onset
depression. Biological psychiatry 2001;49:803–806. [PubMed: 11331089]

39. Kramer-Ginsberg E, Greenwald BS, Krishnan KR, Christiansen B, Hu J, Ashtari M, et al.
Neuropsychological functioning and MRI signal hyperintensities in geriatric depression. The
American journal of psychiatry 1999;156:438–444. [PubMed: 10080561]

40. Fazekas F, Schmidt R, Scheltens P. Pathophysiologic mechanisms in the development of age-related
white matter changes of the brain. Dementia and geriatric cognitive disorders 1998;9:2–5. [PubMed:
9716237]

41. Thomas AJ, O'Brien JT, Barber R, McMeekin W, Perry R. A neuropathological study of
periventricular white matter hyperintensities in major depression. Journal of affective disorders
2003;76:49–54. [PubMed: 12943933]

42. Sze G, De Armond SJ, Brant-Zawadzki M, Davis RL, Norman D, Newton TH. Foci of MRI signal
(pseudo lesions) anterior to the frontal horns: histologic correlations of a normal finding. Ajr
1986;147:331–337. [PubMed: 3487952]

43. Moody DM, Brown WR, Challa VR, Anderson RL. Periventricular venous collagenosis: association
with leukoaraiosis. Radiology 1995;194:469–476. [PubMed: 7824728]

44. van Swieten JC, van den Hout JH, van Ketel BA, Hijdra A, Wokke JH, van Gijn J. Periventricular
lesions in the white matter on magnetic resonance imaging in the elderly. A morphometric correlation
with arteriolosclerosis and dilated perivascular spaces. Brain 1991;114(Pt 2):761–774. [PubMed:
2043948]

45. Thomas AJ, O'Brien JT, Davis S, Ballard C, Barber R, Kalaria RN, et al. Ischemic basis for deep
white matter hyperintensities in major depression: a neuropathological study. Archives of general
psychiatry 2002;59:785–792. [PubMed: 12215077]

46. Du AT, Schuff N, Chao LL, Kornak J, Ezekiel F, Jagust WJ, et al. White matter lesions are associated
with cortical atrophy more than entorhinal and hippocampal atrophy. Neurobiology of aging
2005;26:553–553. [PubMed: 15653183]

47. Capizzano AA, Acion L, Bekinschtein T, Furman M, Gomila H, Martinez A, et al. White matter
hyperintensities are significantly associated with cortical atrophy in Alzheimer's disease. Journal of
neurology, neurosurgery, and psychiatry 2004;75:822–827.

48. Wen W, Sachdev P, Shnier R, Brodaty H. Effect of white matter hyperintensities on cortical cerebral
blood volume using perfusion MRI. NeuroImage 2004;21:1350–1356. [PubMed: 15050560]

49. Sabri O, Ringelstein EB, Hellwig D, Schneider R, Schreckenberger M, Kaiser HJ, et al.
Neuropsychological impairment correlates with hypoperfusion and hypometabolism but not with
severity of white matter lesions on MRI in patients with cerebral microangiopathy. Stroke; a journal
of cerebral circulation 1999;30:556–566. [PubMed: 10066852]

50. Ott BR, Faberman RS, Noto RB, Rogg JM, Hough TJ, Tung GA, et al. A SPECT imaging study of
MRI white matter hyperintensity in patients with degenerative dementia. Dementia and geriatric
cognitive disorders 1997;8:348–354. [PubMed: 9370087]

51. Lazarus R, Prettyman R, Cherryman G. White matter lesions on magnetic resonance imaging and
their relationship with vascular risk factors in memory clinic attenders. International journal of
geriatric psychiatry 2005;20:274–279. [PubMed: 15717341]

52. de Leeuw FE, De Groot JC, Oudkerk M, Witteman JC, Hofman A, van Gijn J, et al. Aortic
atherosclerosis at middle age predicts cerebral white matter lesions in the elderly. Stroke; a journal
of cerebral circulation 2000;31:425–429. [PubMed: 10657417]

53. den Heijer T, Launer LJ, de Grootz JC, de Leeuw FE, Oudkerk M, van Gijn J, et al. Serum carotenoids
and cerebral white matter lesions: the Rotterdam scan study. Journal of the American Geriatrics
Society 2001;49:642–646. [PubMed: 11380759]

54. Mantyla R, Aronen HJ, Salonen O, Pohjasvaara T, Korpelainen M, Peltonen T, et al. Magnetic
resonance imaging white matter hyperintensities and mechanism of ischemic stroke. Stroke; a journal
of cerebral circulation 1999;30:2053–2058. [PubMed: 10512906]

Kim et al. Page 11

Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



55. Fassbender K, Mielke O, Bertsch T, Nafe B, Froschen S, Hennerici M. Homocysteine in cerebral
macroangiography and microangiopathy. Lancet 1999;353:1586–1587. [PubMed: 10334261]

56. Sachdev P, Parslow R, Salonikas C, Lux O, Wen W, Kumar R, et al. Homocysteine and the brain in
midadult life: evidence for an increased risk of leukoaraiosis in men. Archives of neurology
2004;61:1369–1376. [PubMed: 15364682]

57. Hogervorst E, Ribeiro HM, Molyneux A, Budge M, Smith AD. Plasma homocysteine levels,
cerebrovascular risk factors, and cerebral white matter changes (leukoaraiosis) in patients with
Alzheimer disease. Archives of neurology 2002;59:787–793. [PubMed: 12020261]

58. Mayer PL, Kier EL. The controversy of the periventricular white matter circulation: a review of the
anatomic literature. Ajnr 1991;12:223–228. [PubMed: 1902017]

59. Moody DM, Bell MA, Challa VR. Features of the cerebral vascular pattern that predict vulnerability
to perfusion or oxygenation deficiency: an anatomic study. Ajnr 1990;11:431–439. [PubMed:
2112304]

60. Roman GC. Senile dementia of the Binswanger type. A vascular form of dementia in the elderly.
Jama 1987;258:1782–1788. [PubMed: 3625988]

61. Rowbotham GF, Little E. A New Concept of the Circulation and the Circulations of the Brain. the
Discovery of Surface Arteriovenous Shunts. The British journal of surgery 1965;52:539–542.
[PubMed: 14315697]

62. De Reuck J. The human periventricular arterial blood supply and the anatomy of cerebral infarctions.
European neurology 1971;5:321–334. [PubMed: 5141149]

63. Read SJ, Pettigrew L, Schimmel L, Levi CR, Bladin CF, Chambers BR, et al. White matter medullary
infarcts: acute subcortical infarction in the centrum ovale. Cerebrovascular diseases (Basel,
Switzerland) 1998;8:289–295.

64. Khan U, Porteous L, Hassan A, Markus H. Risk factor profile of cerebral small vessel disease and its
subtypes. Journal of neurology, neurosurgery, and psychiatry. 2007

65. Brun A, Fredriksson K, Gustafson L. Pure subcortical arteriosclerotic encephalopathy (Binswanger’s
disease): a clinicopathologic study. Cerebrovascular diseases (Basel, Switzerland) 1992;2:87–92.

66. Pantoni L, Garcia JH. Pathogenesis of leukoaraiosis: a review. Stroke; a journal of cerebral circulation
1997;28:652–659. [PubMed: 9056627]

67. Scheltens P, Barkhof F, Leys D, Wolters EC, Ravid R, Kamphorst W. Histopathologic correlates of
white matter changes on MRI in Alzheimer's disease and normal aging. Neurology 1995;45:883–
888. [PubMed: 7746401]

68. Brant-Zawadzki M, Norman D, Newton TH, Kelly WM, Kjos B, Mills CM, et al. Magnetic resonance
of the brain: the optimal screening technique. Radiology 1984;152:71–77. [PubMed: 6729138]

69. Mantyla R, Erkinjuntti T, Salonen O, Aronen HJ, Peltonen T, Pohjasvaara T, et al. Variable agreement
between visual rating scales for white matter hyperintensities on MRI. Comparison of 13 rating scales
in a poststroke cohort. Stroke; a journal of cerebral circulation 1997;28:1614–1623. [PubMed:
9259759]

70. Melhem ER, Herskovits EH, Karli-Oguz K, Golay X, Hammoud DA, Fortman BJ, et al. Defining
thresholds for changes in size of simulated T2-hyperintense brain lesions on the basis of qualitative
comparisons. Ajr 2003;180:65–69. [PubMed: 12490477]

71. Payne ME, Fetzer DL, MacFall JR, Provenzale JM, Byrum CE, Krishnan KR. Development of a
semi-automated method for quantification of MRI gray and white matter lesions in geriatric subjects.
Psychiatry research 2002;115:63–77. [PubMed: 12165368]

72. Admiraal-Behloul F, van den Heuvel DM, Olofsen H, van Osch MJ, van der Grond J, van Buchem
MA, et al. Fully automatic segmentation of white matter hyperintensities in MR images of the elderly.
NeuroImage 2005;28:607–617. [PubMed: 16129626]

73. Anbeek P, Vincken KL, van Osch MJ, Bisschops RH, van der Grond J. Automatic segmentation of
different-sized white matter lesions by voxel probability estimation. Medical image analysis
2004;8:205–215. [PubMed: 15450216]

74. Filippi M, Rovaris M, Campi A, Pereira C, Comi G. Semi-automated thresholding technique for
measuring lesion volumes in multiple sclerosis: effects of the change of the threshold on the computed
lesion loads. Acta neurologica Scandinavica 1996;93:30–34. [PubMed: 8825269]

Kim et al. Page 12

Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



75. Bastianello S, Bozzao A, Paolillo A, Giugni E, Gasperini C, Koudriavtseva T, et al. Fast spin-echo
and fast fluid-attenuated inversion-recovery versus conventional spin-echo sequences for MR
quantification of multiple sclerosis lesions. Ajnr 1997;18:699–704. [PubMed: 9127033]

76. Rovaris M, Rocca MA, Yousry I, Yousry TA, Colombo B, Comi G, et al. Lesion load quantification
on fast-FLAIR, rapid acquisition relaxation-enhanced, and gradient spin echo brain MRI scans from
multiple sclerosis patients. Magnetic resonance imaging 1999;17:1105–1110. [PubMed: 10499672]

77. Rydberg JN, Riederer SJ, Rydberg CH, Jack CR. Contrast optimization of fluid-attenuated inversion
recovery (FLAIR) imaging. Magn Reson Med 1995;34:868–877. [PubMed: 8598814]

78. Bakshi R, Caruthers SD, Janardhan V, Wasay M. Intraventricular CSF pulsation artifact on fast fluid-
attenuated inversion-recovery MR images: analysis of 100 consecutive normal studies. Ajnr
2000;21:503–508. [PubMed: 10730642]

79. Tanaka N, Abe T, Kojima K, Nishimura H, Hayabuchi N. Applicability and advantages of flow
artifact-insensitive fluid-attenuated inversion-recovery MR sequences for imaging the posterior
fossa. Ajnr 2000;21:1095–1098. [PubMed: 10871021]

80. Grafton ST, Sumi SM, Stimac GK, Alvord EC Jr, Shaw CM, Nochlin D. Comparison of postmortem
magnetic resonance imaging and neuropathologic findings in the cerebral white matter. Archives of
neurology 1991;48:293–298. [PubMed: 1705796]

81. Munoz DG, Hastak SM, Harper B, Lee D, Hachinski VC. Pathologic correlates of increased signals
of the centrum ovale on magnetic resonance imaging. Archives of neurology 1993;50:492–497.
[PubMed: 8489405]

82. Fernando MS, O'Brien JT, Perry RH, English P, Forster G, McMeekin W, et al. Comparison of the
pathology of cerebral white matter with post-mortem magnetic resonance imaging (MRI) in the
elderly brain. Neuropathology and applied neurobiology 2004;30:385–395. [PubMed: 15305984]

83. Spilt A, Goekoop R, Westendorp RG, Blauw GJ, de Craen AJ, van Buchem MA. Not all age-related
white matter hyperintensities are the same: a magnetization transfer imaging study. Ajnr
2006;27:1964–1968. [PubMed: 17032876]

84. Wong KT, Grossman RI, Boorstein JM, Lexa FJ, McGowan JC. Magnetization transfer imaging of
periventricular hyperintense white matter in the elderly. Ajnr 1995;16:253–258. [PubMed: 7726069]

85. Hanyu H, Asano T, Sakurai H, Iwamoto T, Takasaki M, Shindo H, et al. Magnetization transfer ratio
in cerebral white matter lesions of Binswanger's disease. Journal of the neurological sciences
1999;166:85–90. [PubMed: 10475100]

86. Taylor WD, Hsu E, Krishnan KR, MacFall JR. Diffusion tensor imaging: background, potential, and
utility in psychiatric research. Biological psychiatry 2004;55:201–207. [PubMed: 14744459]

87. Taylor WD, Bae JN, MacFall JR, Payne ME, Provenzale JM, et al. Widespread effects of hyperintense
lesions on cerebral white matter structure. Ajr 2007;188:1695–1704. [PubMed: 17515396]

88. Taylor WD, MacFall JR, Payne ME, McQuoid DR, Provenzale JM, Steffens DC, et al. Late-life
depression and microstructural abnormalities in dorsolateral prefrontal cortex white matter. The
American journal of psychiatry 2004;161:1293–1296. [PubMed: 15229065]

89. Taylor WD, Payne ME, Krishnan KR, Wagner HR, Provenzale JM, Steffens DC, et al. Evidence of
white matter tract disruption in MRI hyperintensities. Biological psychiatry 2001;50:179–183.
[PubMed: 11513816]

90. Sicotte NL, Voskuhl RR, Bouvier S, Klutch R, Cohen MS, Mazziotta JC. Comparison of multiple
sclerosis lesions at 1.5 and 3.0 Tesla. Investigative radiology 2003;38:423–427. [PubMed: 12821856]

91. Erskine MK, Cook LL, Riddle KE, Mitchell JR, Karlik SJ. Resolution-dependent estimates of multiple
sclerosis lesion loads. The Canadian journal of neurological sciences 2005;32:205–212. [PubMed:
16018156]

92. Keiper MD, Grossman RI, Hirsch JA, Bolinger L, Ott IL, Mannon LJ, et al. MR identification of
white matter abnormalities in multiple sclerosis: a comparison between 1.5 T and 4 T. Ajnr
1998;19:1489–1493. [PubMed: 9763383]

93. Haacke EM, Ayaz M, Khan A, Manova ES, Krishnamurthy B, Gollapalli L, et al. Establishing a
baseline phase behavior in magnetic resonance imaging to determine normal vs. abnormal iron
content in the brain. J Magn Reson Imaging 2007;26:256–264. [PubMed: 17654738]

Kim et al. Page 13

Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



94. Narayana PA, Wolinsky JS, Rao SB, He R, Mehta M. Multicentre proton magnetic resonance
spectroscopy imaging of primary progressive multiple sclerosis. Mult Scler 2004;10:S73–S78.
[PubMed: 15218814]

95. Fazekas F, Schmidt R, Kleinert R, Kapeller P, Roob G, Flooh E. The spectrum of age-associated
brain abnormalities: their measurement and histopathological correlates. Journal of neural
transmission 1998;53:31–39. [PubMed: 9700644]

96. Zimmerman RD, Fleming CA, Lee BC, Saint-Louis LA, Deck MD. Periventricular hyperintensity as
seen by magnetic resonance: prevalence and significance. Ajr 1986;146:443–450. [PubMed:
3484859]

97. Stewart PA, Magliocco M, Hayakawa K, Farrell CL, Del Maestro RF, Girvin J, et al. A quantitative
analysis of blood-brain barrier ultrastructure in the aging human. Microvascular research
1987;33:270–282. [PubMed: 3587079]

Kim et al. Page 14

Biol Psychiatry. Author manuscript; available in PMC 2009 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Forms of white matter lesions (WML); small caps (A), large caps (B), extending caps (C), thin
lining (D), smooth halo (E), irregular periventricular WML (F), punctuate deep WML (G),
deep WML beginning confluence (H), confluent deep WML (I)
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Figure 2.
Sub-classification of white matter lesions (WMLs): juxtaventricular WMLs (blue),
periventricular WMLs (red), deep WMLs (yellow), juxtacortical WMLs (green)
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Table 1
Proposed Sub-classification of white matter lesions

Juxtaventricular Periventricular Deep Juxtacortical

Locations Within 3mm from
ventricular
surface

Periventricular
watershed zone
3–13mm from
ventricular surface

Between periventricular
white
matter and juxtacortical white
matter

Within 4mm from
corticomedullary
junction

Etiologies CSF leakage Hypoperfusion Small vessel disease Small vessel disease
Pathologies Non-ischemic Ischemic Ischemic Ischemic
Functions - Disruption of long WM

tracts
Disruption of long WM tracts Disruption of U fibers
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