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ABSTRACT

Background: White matter hyperintensity (WMH) change on brain MRI is observed with increased
frequency in the elderly and has been independently associated with neurologic decline. The de-
gree to which the location and rate of volume increase in WMH affects other structural brain
changes along with cognitive and motor performance over time may determine subsequent de-
grees of risk for dementia and other syndromes of aging.

Methods: One hundred four cognitively intact men and women followed longitudinally for up to 13
years underwent at least three MRIs with corresponding annual cognitive and neurologic assess-
ments. Brain volume, ventricular CSF (vCSF), and total periventricular (PV) and subcortical WMH
volumes were measured. Progression of MRI volumes was examined in relation to rates of cogni-
tive, motor, and cerebral volume change based on slopes of outcomes.

Results: Higher initial total and PV WMH volume was associated with total WMH, PV WMH, and
vCSF progression, and with increased time and number of steps to walk 30 feet. Progression of
PV WMH volume was associated with increased time to walk 30 feet. Progression of subcortical
WMH volume was associated with decreased performance on logical memory testing and in-
creased rate of vCSF volume change.

Conclusion: Increased total and periventricular (PV) white matter hyperintensity (WMH) burden
and progression of PV WMH burden are associated with decreased gait performance over time,
while progression of subcortical WMH volume is associated with memory decline in cognitively
intact elderly. Greater progression of WMH burden is associated with an increased risk of memory
and gait dysfunction, and thus should not be considered a benign process.
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GLOSSARY
CDR � Clinical Dementia Rating Scale; ICV � intracranial volume; MMSE � Mini-Mental State Examination; PCI � persistent
cognitive impairment; PV � periventricular; TE � echo time; TR � repetition time; vCSF � ventricular CSF; WMH � white
matter hyperintensity.

Areas of white matter signal change are frequently observed on neuroimaging of nondemented
individuals.1 Such white matter changes are seen as white matter hyperintensities (WMH) on
T2-weighted MRI, and are frequently associated with poorer performance on tests of cognitive
and motor skills in numerous cross-sectional studies.2-5 The natural history of WMH change
and its contribution to CNS decline in cognitively intact elderly is unclear. While some have
reported differing etiologies of periventricular (PV) WMH from subcortical WMH,6,7 there is
evidence from others8 that a clear distinction between the two is not warranted. The question
as to whether there is likely to exist a differential effect of total WMH burden on age-related
morbidity based on the location within the CNS of white matter change remains unanswered.
Longitudinal studies looking at the progression of WMH have been reported9-19; however,
differences in methodologies of WMH measurement make comparisons difficult. A poor cor-
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relation in estimated WMH burden between
differing visual rating scales20 and increased
reliability and sensitivity of WMH volumetric
measurements21 make studies using volumet-
ric measures preferable to those that use visual
rating scales. Only one previous study has in-
vestigated the differential effects of PV and
subcortical WMH volume progression on
changes in cognitive performance,16 and to
our knowledge none have examined such
volumetric changes in relation to rates of mo-
tor skill decline over time. Such processes are
crucial to our understanding of WMH effects
on what may have been previously considered
to be age-related changes in CNS processing.
The purpose of this study was to examine the
natural history of WMH progression in a
well-characterized population of initially cog-
nitively intact elderly using MRI measure-
ments obtained from at least two different
time points, and determine its effects on CNS
structural change as well as cognitive and mo-
tor performance over time. In addition, we
aimed to study potential differential effects of
WMH change based on whether its location
was periventricular or in the subcortical brain
structures.

METHODS Subjects. One hundred four subjects aged 65
or older were selected from an ongoing longitudinal study of
brain aging and cognition (Oregon Brain Aging Study),22,23

based on having three or more MRIs analyzed for total WMH
volume corresponding with a cognitive and motor evaluation
prior to conversion to persistent cognitive impairment (PCI).
Subjects were considered to have PCI at the time of their first
of two consecutive semiannual Clinical Dementia Rating
Scale (CDR) scores of 0.5. For subjects who converted to
PCI, neurologic and MRI data were obtained from the last
visit prior to their conversion. All subjects signed written in-
formed consent, and approval from the Institutional Review
Board of Oregon Health & Science University was obtained.
At entry, subjects were not taking medications that affect cog-
nition, and were independent in daily activities. Entry inclu-
sion criteria included a score of 24 or greater on the Mini-
Mental State Examination (MMSE)24 and a 0 on CDR.25

During annual follow-up visits, subjects underwent brain
MRI, as well as detailed neuropsychological and neurologic
testing, which included Logical Memory (delayed story re-
call),26 CDR sum of boxes, and MMSE. Evaluation of balance
and motor function were also obtained, and included the Ti-
netti gait and balance scales,27 time and number of steps
needed to walk 9 meters, and number of finger taps in 1
minute (dominant and nondominant hand). Information re-
garding subjects’ cardiac risk factors at enrollment was ob-
tained from a detailed medical history form. Changes in
subjects’ general medical condition were obtained yearly

through patient report, and from 1996 on, from a modified
cumulative illness rating scale,28 administered yearly.

MRI procedures. Scan protocol. The general procedures
have been described previously.29 Briefly, MRI scans were per-
formed with a 1.5 Tesla magnet. The protocol consists of the
following: slice thickness of 4 mm (no gap), 24 cm field of view
with a 256 � 256 matrix (0.86 mm � 0.86 mm pixel size) and
0.5 repetitions per sequence. The brain was visualized in two
planes using the following pulse sequences: 1) T1-weighted sag-
ittal images centered in the midsagittal plane with the pituitary
profile (including the infundibulum) and cerebellar vermis
clearly delineated: repetition time (TR) � 600 msec, echo time
(TE) � 20 msec images; 2) multiecho sequence T2-weighted
(TR � 2,800 msec, TE � 80 msec) and proton density (TR �

2,800 msec, TE � 32 msec) coronal images perpendicular to the
sagittal plane. Coronal plane is determined by a line drawn from
the lowest point of the splenium to the lowest point of the genu
of the corpus callosum on the midsagittal image.

Image analysis. Image analysts evaluated each scan indepen-
dently and were blind to subjects’ cognitive or neurologic test-
ing, demographic characteristics, and results from previous
imaging. Image analysis software, REGION, is used to quantita-
tively assess regional brain volumes of interest.29,30 Briefly, recur-
sive regression analysis of bifeature space based on relative tissue
intensities was employed to separate tissue types on each coronal
image. Pixel areas were summed for all slices and converted to
volumetric measures by multiplying by the slice thickness for
each of the following regions of interest: PV WMH, subcortical
WMH, and total WMH (PV plus subcortical WMH), brain
volume, vCSF, and hippocampal volumes. Intracranial volume
was determined by automatically regressing for brain tissue,
CSF, and WMH collectively against bone, creating a boundary
along the inner table of the skull. Additional boundaries were
manually traced along the tentorium cerebelli and the superior
border of the superior colliculus, the pons, and the fourth ventri-
cle. The pituitary, vessels in the sphenoidal area, and any sinuses
that may have been included by the automatic regression were
also manually excluded. Hippocampal bodies were determined
by manually outlining the structures with a cursor directly on the
computer display, as previously described.30 Rates of change of
outcomes were determined by calculating the slope obtained
from the regression line created by all available data points. The
intraclass correlation coefficient as a measure of reliability of vol-
ume determination was �0.95 for all regions except for subcor-
tical WMH volume, which was 0.73.

Quantification of WMH using REGION. Using RE-
GION’s sampling tools, the analyst selects representative, unam-
biguous pixels of WMH (as well as brain tissue, fluid, and bone)
from the multiecho sequence display. A regression model includ-
ing the proton density and T2 intensities and location of each
pixel differentiates tissue types. WMH is distinguished from
brain tissue and fluid based on higher signal on both the proton
density and T2 images. Areas of high signal that immediately
abut ventricular fluid as visualized on the coronal image are con-
sidered periventricular. WMH bounded by brain tissue on all
sides is considered subcortical. Areas of infarct were determined
separately from WMH volumes based on whether or not they
had clean or sharp edges and are relatively dark on proton den-

sity images.

Statistical analysis. Longitudinal clinical data and coded
MRI data were exported from a dedicated database into the sta-
tistical program JMP (SAS Institute, Cary, NC). MRI regions
and clinical outcomes of interest were examined as continuous
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variables, except for CDR SOB slope, which was examined as a
binary variable (with 0 � no or negative change and 1 � positive
change over time). Subjects whose baseline WMH volume and
WMH volume change exceeded 3 standard deviations from the
mean were excluded from analyses in which those variables were
used. This included three subjects for baseline total and PV
WMH, two subjects for total WMH change, and one subject for
baseline subcortical WMH, PV WMH change, and subcortical
WMH change. Change in clinical outcome measures over time
was determined from the calculated slope of a regression line
created from two or more time points for each subject. Relation-
ships between baseline MRI volumes and cognitive and motor
change were determined using multiple regression analyses after
adjusting for age and intracranial volume (ICV). For the out-
come of CDR SOB change, a logistic regression was performed.
Relationships between MRI volume change and cognitive and
motor change were determined using multiple regression analy-
ses after adjusting for age, baseline WMH volume, and ICV.
Matched pair analyses were used to determine whether signifi-

cant changes in outcome measures occurred over time. Relation-
ships between MRI volumes and age were determined using
simple linear regression analyses. Logistic regression analyses
were used to determine the relationships between WMH change
and cerebrovascular risk factors.

RESULTS Participants were followed up to 18 years
(average of 9.1 years). Baseline subject characteristics
are presented in table 1. Few subjects were known to
have vascular risk factors at entry. Each subject un-
derwent an average of 4.6 MRI scans with an average
of 1.3 years between scans. During the course of the
study, significant changes in gait, balance, and mem-
ory testing were observed (table 2). Only clinical
measures that showed a significant change over time
were examined in relation to WMH volumes. In-
creased age was associated with greater WMH vol-
ume at baseline. Eighty-four percent (87/104) of
subjects had some increase in total WMH volume
over time. Seventy-four percent (69/93) and 68%
(63/93) had increases in periventricular and subcorti-
cal WMH volume, respectively. Increased age was
associated with greater baseline total (R2 � 0.14, p �
0.0001), PV (R2 � 0.14, p � 0.0002), and subcorti-
cal (R2 � 0.05, p � 0.0230) WMH burden. There
was no correlation between age and rate of volumet-
ric change over time. A significant increase in WMH
volume was observed during the course of follow-up
(table 3). The presence of diabetes, coronary artery
disease, smoking history, or a clinical history of
stroke or TIA was not associated with WMH pro-
gression. Subjects with a diagnosis of hypertension
had a decreased rate of total WMH progression com-
pared to those without a hypertension diagnosis.
During the study period, 34% (35/104) of subjects
converted to PCI. For those subjects, cognitive, neu-
rologic, and MRI data were taken from their last visit
prior to conversion.

Relationship between baseline WMH volumes and
change in brain volumes over time, adjusted for age
and ICV. Higher baseline total WMH was associ-
ated with increased rate of WMH accumulation
(R2 � 0.20, p � 0.0001) and vCSF volume in-
crease (R2 � 0.13, p � 0.0022) over time. Simi-
larly, higher baseline PV WMH volume was
associated with increased rate of PV WMH (R2 �
0.16, p � 0.0002) and vCSF volume increase (R2

� 0.13, p � 0.0025). Increased baseline subcorti-
cal WMH volume was weakly related to increased
vCSF volume change (R2 � 0.08, p � 0.0573).
There was no association between baseline subcor-
tical WMH burden and change in subcortical
WMH volume over time. There was no associa-
tion between baseline total, PV, or subcortical
WMH and either brain or hippocampal volume
change.

Table 1 Subject characteristics

Characteristics Mean � SD (range) or %

Age at MRI and neurologic assessment, y 85.1 � 5.6 (64.6–98.8)

Time followed in study, y 9.1 � 4.0 (2.2–18.2)

Time between first and last preconversion MRI, y 4.6 � 3.3 (1.8–13.0)

No. of total MRIs 4.7 � 2.9 (3.0–13.0)

No. of years between scans 1.3 � 0.7 (0.9–5.5)

Socioeconomic status at enrollment (Hollingshead) 46.9 � 12.5 (21–66)

Education, y 14.2 � 2.7 (8–10)

Female 61.5

Hypertension at enrollment 15.4

Diabetes at enrollment 0

Coronary artery disease at enrollment 1.0

Smoking at time of enrollment 3.8

History of clinical stroke or TIA at enrollment 0

Smoking history 39.4

Hypertension diagnosed at any time during follow-up 44.2

History of clinical stroke or TIA during follow-up 26

Table 2 Cognitive and motor test scores

First
visit

Last
visit p Value

Slope
(avg. no. visits)

Tinetti Gait 0.7 1.7 0.0003 0.14 (4.2)

Tinetti Balance 2.2 5.0 �0.0001 0.83 (4.1)

Clinical dementia rating scale
sum of boxes

0.02 0.07 0.0627 0.002 (4.7)

Mini-Mental State Examination 28.3 28.1 0.1421 �0.01 (4.7)

Delayed recall 9.4 11.5 0.0003 1.00 (3.3)

Steps to walk 30 ft 19.7 22.7 �0.0001 0.98 (4.6)

Seconds to walk 30 ft 11.1 13.3 �0.0001 0.50 (4.6)

Finger tapping–nondominant 35.3 35.4 0.9069 0.18 (4.4)

Finger tapping–dominant 70.4 69.4 0.4858 �0.34 (4.2)

Verbal fluency 17.4 17.1 0.4872 �0.17 (4.7)
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Relationship between change in WMH volumes and
change in brain volumes over time, adjusted for age,
ICV, and baseline WMH volume. An increased rate of
subcortical WMH change was associated with an in-
creased rate of change in vCSF volume over time (R2

� 0.10, p � 0.0344). Changes in total, PV, and
subcortical WMH volumes were not correlated with
either brain or hippocampal volume change over
time.

Relationship between baseline WMH volumes and
change in cognitive and motor performance over time,
adjusted for age and ICV. Higher baseline total WMH
volume was associated with increased rate of change in
timed walking in seconds (R2 � 0.08, p � 0.0052) and
number of steps (R2 � 0.12, p � 0.0125). This rela-
tionship was also observed with PV WMH volume
alone where increased PV WMH was associated with
increased rate of change in seconds (R2 � 0.12, p �
0.0039) and number of steps (R2 � 0.13, p � 0.0075)
needed to walk 30 feet (figure 1). Increased baseline
subcortical WMH volume was not related to change in
gait performance over time. No relationship existed be-
tween baseline WMH volumes and change in memory
test scores over time. All reported relationships except
for that between baseline total WMH volume and rate
of change in steps needed to walk 30 feet were signifi-
cant after using an adjusted p value based on multiple
comparison criteria. Decreased total WMH volume at

baseline was weakly associated with having a positive
change in CDR score (p � 0.0667). This relationship
remained true when looking just at those who eventu-
ally converted to PCI (p � 0.0776), but not when those
who remained cognitively intact were examined.

Relationship between change in WMH volumes and
change in cognitive and motor performance over time,
adjusted for age, ICV, and baseline WMH volume. A
higher rate of PV WMH accumulation was associ-
ated with an increased rate of change in seconds
needed to walk 9 meters (R2 � 0.15, p � 0.0453),
while a higher rate of subcortical WMH change was
associated with an increased rate of decline in mem-
ory score (R2 � 0.19, p � 0.0003) (figure 2). There
was a weaker association between increased rate of
total WMH change and decline in memory perfor-
mance (R2 � 0.09, p � 0.0690). All relationships
remained after adjusting for either rate of brain or
vCSF volume change over time. After adjusting for
rate of hippocampal atrophy, the relationship be-
tween greater rate of memory decline and subcortical
WMH progression remained, but the relationship
between memory decline and total WMH progres-
sion did not. The relationship between increased rate
of subcortical WMH volume accumulation and de-
cline in memory function remained significant after
using an adjusted p value based on multiple compar-
ison criteria.

DISCUSSION Results from this study show a disso-
ciation in functional effects on CNS function be-
tween subcortical and PV WMHs. Specifically,
increased rate of subcortical WMH accumulation
was associated with a greater decline in cognition,
while PV WMH progression was associated with de-
creased gait performance over time. Results from this
study are among the first to show the relationship
between volumetric subcortical and PV WMH pro-
gression and rates of cognitive and motor change in

Table 3 MRI volumes

Volumes, cc First visit Last visit p Value Slope (avg. no. scans)

Total WMH 9.73 14.15 �0.0001 1.18 (4.7)

PV WMH 8.86 13.12 �0.0001 0.96 (2.8)

Subcortical WMH 1.97 2.59 0.0019 0.15 (2.8)

Brain 897.15 869.62 �0.0001 �6.63 (4.7)

vCSF 43.41 51.18 �0.0001 1.67 (4.7)

Hippocampal 1.31 1.28 0.0863 �0.0001 (4.7)

WMH � white matter hyperintensity; PV � periventricular; vCSF � ventricular CSF.

Figure 1 Relationship between baseline
periventricular white matter
hyperintensity (WMH) volume and
rate of change of gait performance
over time

Figure 2 Relationship between rate of
subcortical white matter
hyperintensity (WMH) volume
change and rate of cognitive
change over time
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cognitively intact elderly. Like others,12,19 we have
shown that a greater total WMH burden at baseline
is associated with increased progression of WMH le-
sions over time. This relationship may be driven by
PV WMH change, since there was no relationship of
total baseline WHM volume to longitudinal change
in subcortical WMH volumes. The baseline total and
PV WMH volumes were functionally associated with
greater decline in ambulation abilities over time, a
finding observed by an earlier study.31

We have shown that progression of PV WMH
volume is associated with increased gait slowing over
time. The relationship between increased rate of
WMH burden and worse performance on gait test-
ing over time has been reported,15,32 although previ-
ous studies did not examine the potential differential
relationships between subcortical and PV WMH vol-
ume change and progressive gait dysfunction. In-
creased progression of subcortical WMH lesions was
associated with increased rate of memory decline, in-
dependent of cerebral or hippocampal atrophy. This
was examined but not seen in one previous study16

that used a visual rather than auditory verbal memory
task. Others13 have reported a relationship between
total WMH and memory decline that did not remain
after adjusting for brain volume change, which was
also associated with WMH progression. We did not
find a relationship between white matter progression
and brain volume loss, but did see such a relationship
with vCSF volume increase over time. These differ-
ences between findings are likely due to multiple fac-
tors, including differences in mean age, baseline
WMH and brain volumes, and our exclusion of data
from subjects with signs of cognitive impairment in
calculated rates of volume change. By restricting our
data to only the period when subjects were known to
be cognitively intact, we hoped to limit potential
confounding affects brought about by the inclusion
of subjects with clinical and imaging sequelae of AD.
Ventricular CSF volume increase may be an earlier,
more sensitive sign of eventual brain volume decline
in those with WMH changes. Alternatively, in-
creased vCSF may be a secondary measure of total
white matter volume loss, which was not measured in
this study.

The presence of cardiovascular risk factors was
not associated with WMH progression. In fact, sub-
jects who had a diagnosis of HTN were less likely to
have an increased rate of WMH accumulation over
time. As it has been shown that the risk of greater
WMH burden is higher in those with uncontrolled
HTN compared with those with well-treated
HTN,33 this may be secondary to a treatment effect
that those with a clinical diagnosis of HTN received

compared with others who may have had undiag-
nosed elevated blood pressure.

Weaknesses of the study include the limitations in
generalizing results from this study to the general
population, as subjects from this study had relatively
few cardiovascular risk factors, in particular, hyper-
tension and diabetes, at entry. In addition, only one
test of memory function, delayed story recall, was
examined. Given the deficits in memory retrieval ob-
served in subjects with other diseases of white matter
involvement,34 future studies including memory tests
with a recognition paradigm would likely provide a
more comprehensive picture. Strengths of this study
include the strict exclusion of MRI and neurologic
data from subjects with PCI, thus limiting potential
confounding effects of comorbid CNS or neurode-
generative disease. In addition, this is one of the first
studies to use three or more MRIs in calculating rates
of change of total WMH volume, which is likely to
decrease the amount of variability inherent in such
longitudinal measures.

This study has shown that greater WMH progres-
sion rate is associated with increased rate of decline
on gait and memory function in cognitively intact
elderly. The different associations of subcortical and
PV WMH change with decreased cognitive and mo-
tor performance suggests that localization of baseline
WMH burden and WMH progression may help to
identify those at risk for either cognitive or motor
decline. It is possible that identification of distinct
risk factors and prevention strategies for each may be
needed in order to maintain cognitive health and am-
bulatory function in our growing elderly population.
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2008.
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