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Abstract

Obijective: to examine whether psychomotor speed predicts individual and combined disorders in cognition, mobility and
mood and if white matter hyperintensities explain these associations.

Design and setting: longitudinal; Cardiovascular Health Study.

Subjects: 5,888 participants (57.6% women, 15.7% black, 75.1 (5.5), mean years (SD)).

Methods: psychomotor speed (Digit Symbol Substitution Test (DSST)) and small vessel disease (white matter hyperin-
tensities (WMH)) were measured in 1992-94. Global cognition (Modified Mini-Mental State (3MS) examination), mobility
(gait speed (GS)) and mood (Center for Epidemiologic Studies Depression (CES-D) scale) wete measured annually over
5 years and classified as clinical, subclinical or no disorders based on established values (3MS: 80 and 85 points; GS: 0.6 and
1.0m/s; CES-D: 10 and 5 points). Analyses wete adjusted for demographics, baseline status, education, diabetes, hypertension,
ankle—arm index.

Results: among those with no disorder in cognition, mobility and mood (IN = 619) in 1992-94, being in the lowest
DSST quartile compared to the highest was associated with neatly twice the odds of developing 1+ clinical or subclinical
disorders (IN = 413) during follow-up. Associations were stronger for incident clinical disorders in cognition (OR: 8.44,
p < 0.01) or mobility (OR: 9.09, p < 0.05) than for mood (OR: 1.88, p < 0.10). Results were similar after adjustment
for WMH.

Conclusions: slower psychomotor speed may serve as a biomarker of risk of clinical disorders of cognition, mobility and
mood. While in part attributable to vascular brain disease, other potentially modifiable contributors may be present. Further
studying the causes of psychomotor slowing with ageing might provide novel insights into age-related brain disorders.
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Introduction

Clinical disorders of cognition, mobility and mood are com-
mon in later life and are major causes of disability and high
healthcare costs [1-3]. Even subclinical disorders in these
domains are associated with increased risk for progression to
clinical states, impaired independence and future incident dis-
ability [2, 4, 5]. Although frequently diagnosed, treated and
studied separately, these disorders co-exist more frequently
than expected by chance alone [6-8]. This co-occurrence
implies a potential for a shared aetiology.

There is consistent evidence that disorders in these
domains are related to vascular risk factors, cerebral small
vessel disease and to psychomotor slowing [9].
Psychomotor speed reflects overall efficiency of operations
[10] and rapidly declines with older age [11], and it is asso-
ciated with small vessel disease [9, 12]. Psychomotor slow-
ing has been shown to precede and longitudinally predict
faster rates of gait speed decline in some studies but not
others [13-15], and to anticipate the onset of mild cognitive
impairment and dementia [16-18]. We found no studies
reporting psychomotor slowing prior to the onset of mood
disorders, although older adults with depression are known
to have psychomotor slowing [19].

Given the cross-sectional evidence for the association of
psychomotor slowing with disorders of cognition, mobility
and mood, and for shared vascular pathology, we hypothe-
size that slower psychomotor speed increases the future risk
of developing clinically significant or subclinical disorders of
cognition, mobility and mood. If slower psychomotor speed
precedes and predicts these disorders rich new avenues could
be opened to novel approaches to prevention and treatment
of these major sources of later life disability. 1f, as we
hypothesize, processing speed provides valid prediction of
these outcomes, perhaps it might be used to detect persons
at high risk and to initiate special efforts at evaluation and
management of these disorders.

Methods

Study population

In 1992-94, 5,888 individuals (57.6% women, 15.7% black,
and age 75.1 (5.5) mean years (SD) old) participated to
the baseline in-person visit of the Cardiovascular Health
Study [20] and were seen annually in the clinic or at home
through 1998-99. Participants were queried twice per year by
phone for new diagnoses, hospitalizations and procedures.
All-cause mortality was ascertained via adjudicated events. All
participants provided written informed consent. The institu-
tional review boards at each site approved the protocol.

Dependent variables
Modified mini-mental state examination (3MS)

The 3MS includes components for otientation, concentration,
language, praxis, and immediate and delayed memory [21].
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Scores range from 0 to 100, with higher scores indicating
higher cognitive function. Clinical (<80 points) and subclinical
(80-85 points) disorders, and normal status (>85 points)
were identified using cut-off values associated with greater
risk of having dementia and mild cognitive impairment,
respectively [22]. Baseline 3MS was missing in 550 partici-
pants who were generally older and less educated compared
to those with a score.

Center for epidemiologic studies depression scale (CES-D)

The CES-D is a well-established 20-item self-report question-
naire of mood-related symptoms. Clinical (=11) and subclin-
ical (5-10) disorders and normal status (<5) were identified
using cut-off values known to be associated with greater risk
of having clinical or sub-syndromal depression [23]. Baseline
CES-D score was missing in 1,198 participants who were
more likely to be males and have less than a high school edu-
cation compared to those with a scote.

Gait speed (GS)

Usual GS is a reliable and valid measure of mobility mea-
sured as time to walk 15 feet beginning from a standing
position, recorded using a stopwatch (timed to 0.1s) [24].
Clinical (<0.6 m/s) and subclinical (0.6-0.1 m/s) disorders,
and normal status (>1.0 m/s) were identified using cut-off
values known to be associated with high risk of developing
health-related adverse events [25]. Baseline GS was missing
in 657 participants who were generally older and less likely
to have a high school education compared to those with a
score.

Independent variables
Digit Symbol Substitution Test (DSST)

The DSST is a pencil and paper test of psychomotor
performance [26] in which the subject is given a key grid
of numbers and matching symbols and a test section
with numbers and empty boxes. The test consists of filling
as many empty boxes as possible with a symbol matching
each number. The score is the number of correct number-
symbol matches achieved in 90s. This test has high
test-retest reliability [27]. We used the DSST both as a
continuous variable and as a 4-level categorical variable
based on quartiles (£29/30-39/40-48/49+). Baseline
DSST was missing for 699 participants who were more
likely to be older (mean age 80 vs 75) male (47% vs 42%),
lack a high school diploma (48% vs 27%), have hyperten-
sion (52% vs 41%) and have a lower ankle—arm index

(0.93 vs 1.08; all p < 0.01).

White Matter Hyperintensity (WMH)

Brain images were acquired in 1992-94 using a 1.5 T Signa
scanner (GE Medical Systems) with high performance
gradients (4 G/cm and 150 T/m-s) [28]. A volumetric
Spoiled Gradient Recalled Acquisition (SPGR) sequence
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with parameters optimized for maximal contrast among
grey matter, white matter and cerebrospinal fluid was
acquired in the coronal plane (TE/TR = 5/25, flip
angle = 40°, NEX = 1, slice thickness = 5mm/0 mm
inter-slice gap). Neuroradiologists were trained in a standar-
dized protocol according to an atlas of predefined visual
standards and interpreted all scans at a central MRI
Reading Center. WMH were quantified as the presence of
signal abnormalities or hyperintensities form the white mat-
ter of the periventricular and subcortical regions on standar-
dized axial spin-density/T2-weighted images. WMH burden
was graded from O (lowest) to 9 (highest) and dichotomized
based on a cut-off between grades 2 and 3. Of the 3,660
participants with WMH scores, 3,525 had concurrent DSST
and were included in the analysis. Those excluded from this
analysis were more likely to be older (mean age 76 vs 75),
white (84% vs 83%), lack a high school diploma (36% vs
25%), diabetic (14% vs 10%) and have a lower ankle—arm
index (1.06 vs 1.09; all p < 0.05).

Covariates

In addition to age, race, gender and education, the following
risk factors and conditions were included because of their
known association with the independent and dependent
variables although not considered to be a direct step in the
causal pathway: hypertension, diabetes, smoking, physical
activity and ankle—arm index. Hypertension was defined as
a previous diagnosis of hypertension, taking hypertensive
medication, or having a current systolic blood pressure of
2140 mmHg or a diastolic blood pressure 290 mmHg;
Persons were considered diabetic if they had a validated
medical diagnosis of diabetes or a fasting glucose level
2126 mg/dl. Smoking habit was recorded by self-report as
ever/never smoker. Regular leisure-time physical activity
level (kcal) from the last 12 month was recorded by self-
report. Ankle—arm index < 0.9 (AAI) was used as a surrogate
measure of petipheral arterial disease, based on previously
published cut-off values [29].

Statistical analysis

DSST was consideted both as a continuous and as a cat-
egorical variable in separate models, with any missing value
imputed with those from the previous year along with cov-
ariates if available. 3MS, GS and CES-D were considered
both as continuous ot categorical indicating whether not-
mal, subclinical, clinically significant or indeterminate due
to missing data. For the longitudinal analyses of incident
categorical outcomes, we included only participants without
any disorder at baseline. We included ‘indeterminate’ as a
level in categorical outcomes in our models due to perva-
sive informative censoring, and to demonstrate similarities
in findings for indeterminate and subclinical or clinical out-
comes, suggestive of data not missing at random in longitu-
dinal studies of the elderly. However, we also performed
sensitivity analyses for all presented tables using a multiple
imputation approach for the indeterminate category [30].

The results were similar and thus data not shown in the
manuscript. Longitudinal outcome status was determined
as: (1) using both continuous and categorical approaches at
one point after five years (1997-99); (2) cumulative incident
categorical status accumulated over 5 years defined as clin-
ical or subclinical at any wave, or always normal, or ‘inde-
terminate’ due to no evidence of a clinical or subclinical
status in the presence of missing data for at least one
follow-up visit; and (3) same as approach (2) except that
participants with missing data between years 1 and 5 were
classified as normal if they were never classified as having a
clinically significant or subclinical status but were classified as
normal at the 5-year follow up. The results were not mean-
ingfully different among the three approaches so only the
results for (3) are presented. Outcomes combining concur-
rent disorders in mobility, mood and memory wete based on
counts of the number of clinical and subclinical disorders,
with adjacent categories combined in models to obtain suffi-
ciently large numbers in each cell for model fitting.

We used general linear models (SAS® GLM procedure)
for outcomes as continuous variables and multinomial poly-
tomous logistic regression with a generalized logit link
(SAS® LOGISTIC procedure) for outcomes as categorical
variables. The generalized logit link allowed estimation of
odds ratios for different outcomes (subclinical, clinical and
indeterminate) independently in the same model without
assumptions of proportionality of odds. Analyses were pet-
formed (a) without covariates, (b) with baseline values of the
three domains as covariates in longitudinal analyses and (c)
with a general set of risk factors (age, gender, race, diabetes,
hypertension, smoking, physical activity, AAIl and education)
in addition to (b) in longitudinal analyses. The resulting
regression coefficients with the rate of change, means differ-
ence and odds ratio interpretations and their statistical signifi-
cances were used to draw the main conclusions. We repeated
statistical modeling in a subsample of participants with base-
line brain imaging, to examine white matter grade as a pre-
dictor. To assess the bias that could result from examining
survivors alone, we insgected the relationship between death
rates and DSST. SAS™ 9.3 (SAS institute, Inc., Cary, North
Carolina) was used for all statistical analyses.

Results

Baseline prevalence of a clinical disorder was 10.7% for
cognition (629/5,888), 10.9% for mobility (644/5,888) and
13.3% for mood (783/5,888). Prevalence of subclinical dis-
orders was higher and more common in mobility (53.7%
(3,164/5,888)) and mood domains (29.9% (1,761/5,888))
than in cognition (9.8% (579/5,888), Table 1). Baseline
prevalence of =2 clinical disorders was 8.6% (509/5,888,
Supplementary data, Appendix 1, available in Age and Ageing
online). Compated to participants free from disorders in
cognition, mobility or mood at baseline, those with either
subclinical or clinical disorders were more likely to be older,
black, have less education and be more likely to have hypet-
tension, diabetes and worse AAI Women were more likely
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Figure 1. Incidence of disorders in cognition (A), mobility (B) and mood (C) expressed as percentage of individuals devleoping

the outcome during follow-up.

factors, contribute more than DSST to mood disorders,
since adding vascular factors to the models predicting
mood completely eliminated the association between DSST
and mood outcomes, whereas it only marginally modified
the association between DSST and cognition or mobility
outcomes. Similarly, in the analyses restricted to the group
with MRI measures, the associations of WMH with subclin-
ical or clinical disorders in mood wete robust to adjustment
for covariates, whereas the associations of DSST were not.
Future studies should investigate whether psychomotor
slowing is predominantly a manifestation of ischaemic brain
pathology or is also a consequence of other alterations in
the ageing brain.

Why would psychomotor speed, as measured by DSST,
be a predictor? Digit Symbol Substitution is a classic indica-
tor of psychomotor speed used by Salthouse [10] and
many others to explore issues related to cognition and age-
ing [31, 32]. Psychomotor slowing reflects fundamental
aspects of brain function which, like in a computer, reflect
overall efficiency of operations [10, 33], which in turn may
play a pivotal role in maintaining function. Generalized

slowing with ageing is such an obvious phenomenon that it
has been desctibed scientifically since the nineteenth cen-
tury [34]. We are not aware of studies that have prospect-
ively examined the role of psychomotor slowing in the
development of later-life disorders. Hajjar ef a/. used cluster
analysis of cross-sectional data to define a group with
executive dysfunction as measured by the Trail Making
Test part B, slow gait and decreased mood and showed
longitudinal associations of the triad with disability and risk
from hypertension but did not predict the risk of onset of
disorders [35].

Strengths of our study include a large sample followed
longitudinally with multiple relevant measures including
neuroimaging. Given the inevitability of informative censor-
ing in cohort studies of ageing, we carefully evaluated the
potential influence of missing data on our findings through
analyses of the effect of ‘indeterminate’ status, and note
that there were strong relationships between baseline DSST
and developing missing outcomes. This informative censot-
ing suggests that true effects may be even stronger than
those found in our analyses. Moreover, we inspected the
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Psychomotor slowing, cognition, mobility and mood

possibility that survivorship could have biased our findings
toward a greater effect than was truly present. We find that
death rates are higher among the group with low DSST.
Thus, bias due to differential mortality rates among DSST
groups is more likely to have led to underestimation than
overestimation of the associations. We based out outcomes
on generally well accepted categories of performance on
widely used tests, but did not apply professionally adjudi-
cated diagnoses.

The study has limitations. We did not examine other
aspects of processing speed or executive function. We used
only a baseline measure of DSST in these analyses, whereas
repeated measures might have contributed to further
insights. Neuroimaging techniques have advanced tremen-
dously ever since these brain images were obtained 15-20
years ago. Our estimates of white matter disruption based
on an ordinal scale of overall severity are primitive com-
pared to modern capacity to localize white matter disease
and assess microstructural integrity using diffusion tensor
imaging. Thus, our interpretations regarding the potential
vascular independence of psychomotor slowing to out-
comes requires evaluation using more modern imaging
techniques.

Since prior studies have suggested that differences in
psychomotor speed are detectable in childhood and persist
through adulthood [11], future research should further
explore the role of psychomotor speed across the lifespan in
the development of later life disorders in cognition, move-
ment and mood. If eatly life psychomotor speed is an
important contributor to later life risk, perhaps, like general
intelligence, it is one source of resilience or brain reserve to
the adverse effects of brain pathology. If so, preventive
interventions must start during development and matur-
ation. Aspects of psychomotor speed appear to be trainable,
as demonstrated by the ACTIVE study and numerous other
intervention strategies including videogames [36, 37]. While
some intervention studies based on speed of processing
training have examined effects on cognition and mood, as
well as daily functioning, we have not found any reports to
date of effects on mobility. Other strategies to treat slowing
might include existing or novel pharmacological agents or
aerobic exercise. If simple tests like the DSST are confirmed
to provide valid prediction, perhaps clinical cut-points such
as the threshold for the lowest quartile detected here might
be used clinically to detect persons at high risk and to initiate
special efforts at evaluation and management.

Conclusions

Disorders of cognition, mobility and mood appear to share
a common indicator of slowed processing. Slower process-
ing speed may represent an important indicator of future
risk of these common disorders of ageing. If nothing else,
clinical and research inquiry into any one of these important
conditions of ageing should attend to the potential co-
existence of disorders in the others.

Key points

* Disorders of cognition, mobility and mood co-occur and
all appear to share a common indicator of slowed
processing;

* Clinical and research inquiry into any one of these import-
ant conditions of ageing should attend to the potential co-
existence of disorders in the others.

* Clinical cut-points of DSST, such as the threshold for the
lowest quartile detected here might be used clinically to
detect persons at high risk and to initiate special efforts at
evaluation and management.

* Since psychomotor speed appears to be trainable, it is
possible that by promoting psychomotor speed, we could
ameliorate these common disorders of ageing.

Supplementary data

Supplementary data mentioned in the text are available to
subscribers in Age and Ageing online.
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