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Chapter 7

Abstract

Background: Cognitive and physical impairment frequently co-occur in older people. The
aim of this study was to assess the temporal order of these age-related changes in cognitive
and physical performance and to assess whether a relationship was different across specific
cognitive and physical domains and age groups.

Methods: Cognitive domains included global, executive and memory function; physical
domains included gait speed and handgrip strength. These domains were assessed in two
population-based longitudinal cohorts covering the age ranges of 55 — 64, 65 — 74, 75 — 85
and 85 — 90 years with a follow-up of five to twelve years. Cross-lagged panel models were
applied to assess the temporal relationships between the different cognitive and physical
domains adjusting for age, sex, education, comorbidity, depressive symptoms and physical
activity.

Results: Over all age groups, poorer executive function was associated with a steeper
decline in gait speed (p<0.05). From the age of 85 years, this relationship was found across
all cognitive and physical domains (p<0.02). From the age of 65 years, slower gait speed
and/or weaker handgrip strength were associated with steeper declines in global cognitive
function (p<0.02), with statistically significant results across all cognitive domains in the
age group of 75 — 85 years (p<0.04).

Conclusions: The temporal relationship between cognitive and physical performance differs
across domains and age, suggesting a specific rather than a general relationship. This
emphasizes the importance of repeated measurements on different domains and encourages
future research to the development of domain and age specific interventions.

—90—



Temporal relationship between cognitive and physical performance

Introduction

Cognitive and physical performance are important determinants of independent living and
quality of life. Deterioration of both frequently co-occurs in older people'>. The temporal
order of age-related changes in cognitive and physical performance is largely unknown.
Several longitudinal studies assessed the order of changes in only one of the possible
directions; cognitive performance being associated with changes in physical performance or
physical performance being associated with changes in cognitive performance®.

The few longitudinal studies assessing the relationship between cognitive and physical
performance in both directions, showed inconsistent results with uni- as well as
bidirectional relationships®'®. Differences in findings between studies assessing different
cognitive and physical domains might indicate dependence of the temporal relationship on
these domains®. Furthermore, it has become more and more evident in recent years that
results might differ across different age ranges, especially for older populations aged 75 and
older'"™™. Insight into whether the temporal relationship between cognitive and physical
performance depends on age could provide important information for an effective clinical
assessment, development and application of interventions.

The aim of this study was to assess the temporal relationship between cognitive and
physical performance; whether poor cognitive performance is associated with a steeper
decline in physical performance or poor physical performance with a steeper decline in
cognitive performance; and to study whether a relationship was different across specific
cognitive and physical domains and age groups.

Methods

Study design and populations

Two population-based longitudinal cohorts were included; the Longitudinal Aging Study
Amsterdam (LASA) and the Leiden 85-plus Study. LASA is an ongoing study consisting of
a nationally representative sample of the middle-aged to older Dutch population'. A
random sample, stratified by age and gender, was drawn from the population registers of 11
municipalities in three culturally distinct geographical areas in the Netherlands. In total,
3107 participants aged 55 — 85 years (born between 1908 and 1937) were enrolled during
the first data collection in 1992-1993 and have been followed up with a time interval of
approximately three years. For the present study, data were used from the first four LASA
cycles (1992-1993, 1995-1996, 1998-1999, and 2001-2002) in order to have the older ages
sufficiently represented during the entire follow-up. The study was approved by the Ethical
Review Board of the VU University Medical Center. Informed consent was obtained from
all participants.
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The Leiden 85-plus Study includes inhabitants of the city of Leiden, the Netherlands'. All
inhabitants who reached the age of 85 years were eligible to participate. There were no
selection criteria on health, functioning or demographic characteristics. In total 599 persons
participated, which was 87% of all eligible inhabitants. Follow-up measurements were
performed annually until the age of 90 years. The study was approved by the Medical
Ethical Committee of the Leiden University Medical Center. All participants or guardians
of the participants gave informed consent.

A full description of the cognitive and physical tests and the potential confounders is given
in the Supplementary Methods section. A short explanation is given below.

Cognitive performance

Cognitive performance was assessed by three different measures: global cognitive function
and the domain specific measures of executive and memory function. Global cognitive
function was assessed by the Mini-Mental State Examination (MMSE). Information
processing speed was used as measure of executive function, which was assessed by the
Alphabet Coding Task-15 and the Letter Digit Substitution Task (LDST) in LASA and the
Leiden 85-plus Study, respectively. Memory function was assessed with the 15-Words test
in LASA and the 12-Picture Learning test in the Leiden 85-plus Study.

For all cognitive tests, a higher score indicates better cognitive performance. In LASA,
cognitive performance was assessed in each LASA cycle. In the Leiden 85-plus Study,
global cognitive function was assessed yearly. Executive and memory function were
assessed yearly as well until MMSE score was below 19 points.

Physical performance

Physical performance was assessed by gait speed and handgrip strength. Gait speed was
measured over a total distance of six meters (two times three meters with a turn), starting
from standing position at maximal pace. Handgrip strength was measured by maximal
squeeze using a hand held dynamometer. In LASA, gait speed was assessed in each cycle
and handgrip strength from the second cycle. In the Leiden 85-plus Study, gait speed was
assessed at the age of 85, 86, 87, and 89 years and handgrip strength at the age of 85 and 89
years.

Potential confounders
The following factors were included as potential confounding variables as these are found

to be associated with both cognitive and physical performance: education to indicate

17,18 19,20

participant’s socio-economic status'®, comorbidity and

21,22

, depressive symptoms
physical activity
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age, sex, education, # comorbidities
depressive symptoms, physical activity

age, sex, education, # comorbidities
depressive symptoms, physical activity

Figure 1 Cross-lagged panel model for estimation of the cross-lagged effects between cognitive and physical
performance with confounding variables age, sex, education, number of comorbidities, depressive symptoms and
physical activity. The model included synchronous and autoregressive correlations indicated by the semi-dotted
and dotted arrows, respectively. Abbreviations: #, number; Y¢,, measurements of cognitive performance at time
point n; Ys,, measurements of gait speed or handgrip strength at time point n; Bcs, cross-lagged effect of different
cognitive domains on gait speed/handgrip strength; Bgc, cross-lagged effect of gait speed/handgrip strength on
different cognitive domains.

Longitudinal Ageing Study Amsterdam Leiden 85-plus Study
N=3107 N=599
» | Participants unable to walk
v gl N=73 (12%)
Participants with < 2 follow-up
> measurements N=562 (17%) N=526
» | Participants with <2 follow-up
) 4 \7Z ld measurements N=92 (17%)
N=2545 N=434

Figure 2 Flow chart of participants of the Longitudinal Ageing Study Amsterdam (LASA) and Leiden 85-plus
Study included in the cross-lagged panel models. Abbreviations: N, number.

Statistical analyses

For descriptive reasons we provided means and standard deviations (SD) for normal
distributed continuous variables, the median and interquartile range (IQR) for non-Gaussian
distributed continuous variables, and the number per category and percentages for
categorical variables.
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Cross-lagged panel models (CLPM) were used to examine the cross-lagged effects of
cognitive performance on changes in physical performance and of physical performance on
changes in cognitive performance during follow-up adjusted for potential confounders
(Figure 1). CLPMs are a specific type of structural equation models, i.e. models allowing to
estimate a number of regression equations simultaneously”. CLPMs allow simultaneous
modelling of bidirectional, temporal relationships™'®. This means that the variables of
interest (cognitive and physical performance) are the dependent variable in one regression
equation and the independent variable in another regression equation. Hypothesized causal
associations can be tested if the assumptions of the models are met, which is when there is
synchronicity, stationarity and stability within and between the variables of interest™.
Synchronicity means that cognitive and physical performance are measured at the same
time, which is the case in both cohorts. Stationarity and stability presume that the causal
process and autocorrelations do not change during follow-up, respectively. Therefore,
effects in the CLPM were constrained to be equal, that is equal synchronous correlations,
equal cross-lagged correlations and equal autocorrelations. Residuals of the variables for
which synchronous correlation was estimated were allowed to correlate to take into account
the effect of unknown third variables®. Residuals were further allowed to correlate over
time. The standardized cross-lagged effects, i.e. expressing the effect in standard
deviations, were used to compare the strength of the cross-lagged effects of cognitive
performance on physical performance with the cross-lagged effects of physical
performance on cognitive performance. To compare the effects across LASA and the
Leiden 85-plus Study, the unstandardized cross-lagged effects in the Leiden 85-plus Study
were multiplied by three (for handgrip strength after division by four) to make them
comparable to the three year unstandardized cross-lagged effects in LASA. The cross-
lagged panel models were evaluated using MPlus (version 7)%, which uses the Full
Information Maximum Likelihood procedure for handling missing values®’. Model fit was
evaluated on the following criteria: root mean square error of approximation (RMSEA)
<0.06, standardized root mean square residual (sSRMR) <0.08 and comparative fit index
(CFT) >0.95%. If all degrees of freedom have been used to estimate the model, the model is
saturated and thus perfectly fits the data.

Participants of the Leiden 85-plus Study not able to walk at baseline were excluded from
the analyses leading to 526 (88%) participants (Figure 2). In both cohorts, the criterion of
the presence of at least one follow-up measurement of gait speed was applied leading to
2545 (82%) participants in LASA and 434 (83% of the 526 participants able to walk)
participants in the Leiden 85-plus Study. In order to get good model fits, gait speed values
below 0.1 m/s were changed to missing data (7 and 13 measurements of all baseline and
follow-up measurements in total in LASA and the Leiden 85-plus Study, respectively). In
the Leiden 85-plus Study, executive and memory function were only assessed in
participants with a MMSE score of 19 points or higher resulting in 392 out of the 434
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(90%) participants for these cognitive tests at baseline. To get insight into the temporal
relationship between cognitive and physical performance across age, the LASA cohort was
stratified into three age groups: participants aged 55 — 64 years, 65 — 74 years and 75 — 85
years. P-values <0.05 were considered as statistically significant. Figures were made with
GraphPad Prism 5 (GraphPad Software, Inc. La Jolla, USA).

Results

Baseline characteristics on demographics, health and cognitive and physical performance
are shown in Table 1. Mean age (SD) for each of the different age groups of the LASA
cohort was 60.2 (2.8), 69.8 (2.9) and 80.0 (2.9) years. Participants of the Leiden 85-plus
Study were all 85 years of age at baseline. Table 2 shows the fit statistics for the cross-
lagged panel models. The statistics indicate good model fits for all models.

Figure 3 shows the unstandardized cross-lagged effects of different cognitive domains on
gait speed and handgrip strength during follow-up. For the age group of 55 — 64 years,
poorer executive and memory function were associated with a steeper decline in gait speed.
For the age groups of 65 — 74 and 75 — 85 years, poorer executive function was associated
with a steeper decline in gait speed. Among the oldest age group of 85 — 90 years, poorer
performance on each of the cognitive domains was associated with a steeper decline in gait
speed and handgrip strength.

Figure 4 shows the unstandardized cross-lagged effects of gait speed and handgrip strength
on different cognitive domains during follow-up. No association was found for the
youngest age group of 55 — 64 years. For the age group of 65 — 74 years, slower gait speed
and weaker handgrip strength were associated with a steeper decline in global cognitive
function. Among the age group of 75 — 85 years, slower gait speed was associated with a
steeper decline on each of the cognitive domains. For the age group of 85 — 90 years,
weaker handgrip strength was associated with a steeper decline in global cognitive function.

Supplementary Tables 1 and 2 present the standardized cross-lagged effects of different
cognitive domains on gait speed and handgrip strength during follow-up and of gait speed
and handgrip strength on different cognitive domains during follow-up, respectively.
Comparing the standardized cross-lagged effects of the temporal relationships that were
statistically significant in both directions, similar effect sizes were found.
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Table 1 Baseline characteristics of the participants of the two study cohorts stratified for age.

LASA Leiden 85+ Study
55— 64 yrs. 65 —74 yrs. 75 -85 yrs. 85-90 yrs.
(N=887) (N=831) (N=827) (N=434)
Demographics
Age, years 60.2 (2.8) 69.8 (2.9) 80.0 (2.9) 85
Females, n (%) 462 (52.1) 451 (54.3) 445 (53.8) 289 (66.6)
Education
Years” 9.0(6.0-11.0) 9.0(6.0-11.0)  6.0(6.0-10.0) -
Lower education, n (%) - - - 167 (38.5)
Health characteristics
BMI, kg/m* 26.7 (3.7) 26.8 (4.0) 27.1 (4.5) 27.3 (4.4)
Comorbidities” 0.0 (0.0 - 1.0) 1.0 (0.0-1.0) 1.0 (0.0 - 2.0) 2.0(1.0-3.0)
Depressive symptoms, points
CES-D score” 5.0(2.0-9.0) 5.0(2.0-11.00 7.0(3.0-12.0) -
15-item GDS score®” - - - 1.0 (1.0 - 3.0)
Physical activity
LASA quest.”, hrs./day 29(1.8-44) 2.7(1.6-4.0) 2.0(1.2-3.1) -
TSP quest.”, points - - - 7.0 (5.0 - 9.0)
Cognitive performance
MMSE, points 28.0(27.0-29.0) 28.0(27.0-29.0) 27.0(25.0-28.0) 27.0 (24.0 - 28.0)
Processing speed, # comb.
adj. Alphabet Coding Task* 28.2 (6.5) 25.0 (6.5) 19.5 (6.6) -
LDST* - - - 17.0 (13.0 - 22.0)

Immediate recall
15 Words Test, # words®" 21.0 (18.0-25.0) 19.0(15.0-23.0) 16.0(12.0-19.0) -

12-PLT, # pictures®” - - - 25.0 (21.0 - 29.0)
Delayed recall

15 Words Test, # words™ 6.0 (4.0 - 8.0) 5.0(3.0-7.0) 4.0(2.0-5.0) -

12-PLT, # pictures®” - - - 9.0 (7.0 - 11.0)
Physical performance
Gait speed, m/s" 0.96 (0.28) 0.86 (0.28) 0.69 (0.24) 0.55(0.22)
Handgrip strength”, kg® 30.5(23.5-40.0) 27.0(21.0-37.5) 22.0(17.5-30.0) 22.0 (18.0 - 28.0)

Variables are expressed as mean (standard deviation) unless indicated otherwise.
Abbreviations: N, number; BMI, body mass index; CES-D, Centre for Epidemiologic
Studies Depression Scale; GDS, Geriatric Depression Scale; quest., questionnaire; hrs.,
hours; TSP, Time Spending Patterns; MMSE, Mini-Mental State Examination; comb.;
combinations; LDST, Letter Digit Substitution Test; 12-PLT, 12 Picture Learning Test; #,
number. Values expressed as median (interquartile range). Data are available in *n=795,
730 and 658 for each of the age groups between 55 and 85 years, respectively; "n=390;
°n=786 and 759 for each of the age groups between 65 and 85 years, respectively; n=815,
735 and 665 for each of the age groups between 55 and 85 years, respectively; “n=377,
=777 and 740 for each of the age groups between 65 and 85 years, respectively; and
$n=237, 668 and 596 for each of the age groups between 55 and 85 years, respectively.
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Figure 3 Unstandardized cross-lagged effects and 95% confidence intervals of different cognitive domains on gait speed and handgrip strength during follow-up.
Cross-lagged panel models were adjusted for age, sex, education, number of comorbidities, depressive symptoms and physical activity. Abbreviations: Bcs,
(unstandardized) cross-lagged effect of different cognitive domains on gait speed/handgrip strength; MMSE, Mini-Mental State Examination; #, number.

"p<0.05, “"p<0.01, "p<0.001 An explanatory note for interpretation of the results in this figure is given in the Supplementary results section.
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Figure 4 Unstandardized cross-lagged effects and 95% confidence intervals of gait speed and handgrip strength
on different cognitive domains during follow-up. Cross-lagged panel models were adjusted for age, sex,
education, number of comorbidities, depressive symptoms and physical activity. Abbreviations: Bsc,
(unstandardized) cross-lagged effect of gait speed/handgrip strength on different cognitive domains; MMSE,

Mini-Mental State Examination; #, number. *p<0.05, Hp<0.01,

wohk

p<0.001 An explanatory note for interpretation

of the results in this figure is given in the Supplementary results section.
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Discussion

In two large population-based longitudinal cohorts, the temporal relationship between
cognitive and physical performance differed across specific cognitive and physical domains
and across age groups. The temporal relationship was most prominent from the age of 75
years. Thereby, an inversed temporal order was found comparing the age groups of 75 — 85
years and 85 — 90 years. Slower gait speed was associated with steeper declines on each of
the cognitive domains in the age group of 75 — 85 years, while poorer performance on each
of the cognitive domains was associated with steeper declines in gait speed and handgrip
strength in the age group of 85 — 90 years. Across all age groups, poorer executive function
was associated with a steeper decline in gait speed.

Our specific findings across the different age groups might explain the inconsistent findings
in the current literature. They support the findings of bidirectional relationships when broad
age ranges are used® and unidirectional relationships in study populations consisting of
more specific age ranges and health status’”. Furthermore, our results are in accordance
with the results of the few studies that used cross-lagged modelling as well instead of
regression modelling. These studies, consisting of 70 to 79 years old participants, indicated
the presence of bidirectional relationships™' and a predominance of the relationship in the
temporal order of slow gait speed being associated with steeper declines in global and
executive function'’, which supports our findings in the age group of 75 to 85 years.

The temporal relationship between cognitive and physical performance was most prominent
from the age of 75 years. From this age, deterioration of underlying systems such as the

2 .
930 is generally

central and peripheral nervous, musculoskeletal and cardiovascular system
more substantial, which might lead to a more significant role of cognitive and physical
performance as compensating mechanisms for each other. Thereby, the potential influence
of physical performance on cognitive performance especially reached the level of
significance in the age range of 75 — 85 years. This was particularly shown in gait speed,
which emphasizes the role of gait speed as important indicator of health status®'~*. The
influence of cognitive performance on physical performance was found across the entire
age range for executive function and gait speed, with consistent findings across all
cognitive and physical domains for participants aged 85 years and older. This more
elaborate influence of cognitive performance on physical tasks with advancing age is
supported by previous studies showing that already from middle age several additional
brain areas are recruited as compensating mechanism during the performance of physical
tasks when compared to younger adults***. Thereby, the findings of a temporal
relationship of executive function with gait speed across all age groups emphasize the
important role of this cognitive domain in the performance of physical tasks*>*¢. The
presence of the temporal relationships also in the younger age groups indicates the potential
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role of these measures of cognitive and physical performance as early markers for the
identification of physical and cognitive impairments, respectively. Based on the results in
this study, poor executive function below the age of 75 years might be an early marker for
physical impairments and slow gait speed and weak handgrip strength for cognitive
impairments.

The strength of the temporal relationships between cognitive and physical performance for
each of the two different directions was similar. These findings indicate the potential
effectiveness of cognitive and physical interventions to delay physical and cognitive
impairment, respectively”>”"**. Especially on the effectiveness of physical interventions
several studies have been performed showing reduced risks on cognitive decline and
dementia®"*’. Based on the results in this study, these effects might be most effective in
the age range of 75 — 85 years. Future studies investigating the possible dependence of
these interactions on age and the effectiveness of cognitive interventions especially from
the age of 85 years are needed. Furthermore, the bidirectionality of the temporal
relationship and similar strength of the effect sizes makes involvement of common
underlying pathologies of age-related changes in cognitive and physical performance likely.
One of the potential mechanisms that have been suggested is the presence of brain
pathologies as common underlying etiology, which is supported by several cross-sectional
and longitudinal studies showing the association between brain pathology and cognitive
and physical performance**. Common biological processes throughout the entire human
body, like cellular senescence, are suggested as well*’. The results of this study encourage
further research to possible common underlying determinants of cognitive and physical
decline.

One of the strengths of this study is the large sample size and availability of repeated
measurements of the same cognitive and physical domains. Additional to the current
literature, the temporal relationship between cognitive and physical performance was
assessed by cross-lagged panel models enabling to get insight into the temporal order of
age-related changes in cognitive and physical performance. The large age range of 55 — 90
years and assessment of different cognitive and physical domains enhanced our
understanding of how the relationship between cognitive and physical performance changes
with age. A limitation is the population existing of two different longitudinal cohorts.
Although both cohorts consisted of community-dwelling participants and the assessments
of the cognitive and physical domains and potential confounders were comparable,
differences might have influenced the results. Thereby, the selection of comparable
cognitive tests resulted in a restricted battery, especially according to the assessment of the
complex domain of executive function. According to the Leiden 85-plus Study, executive
and memory function (as well as the GDS) were only assessed in participants with an
MMSE score of 19 points or higher in order to get valid results. This loss of power might
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have resulted in an underestimation of the temporal relationships between cognitive and
physical performance. The exclusion of participants unable to walk and with less than one
follow-up measurement has probably led to an underestimation of the results as well.

In conclusion, the temporal relationship between cognitive and physical performance
differs across domains and age, suggesting a specific rather than a general relationship.
Especially from the age of 75 years, consistent temporal relationships of gait speed with
different cognitive domains during follow-up were found, with an inversed temporal order
from the age of 85 years. This emphasizes the importance of repeated measurements of
cognitive and physical performance on different domains and the need for future studies
investigating the potential dependency of cognitive and physical interventions based on
these domain and age specific findings.
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Supplementary material

Methods

Cognitive performance

Cognitive performance was assessed by three different measures: global cognitive function,
information processing speed as measure of executive function and memory function. In
both studies, global cognitive function was assessed by the Mini-Mental State Examination
(MMSE)*. The MMSE consists of 20 items and scores range from 0 to 30 points, with
higher scores indicating better cognitive performance. In LASA, cognitive performance
was assessed in each LASA cycle. Among the participants of the Leiden 85-plus Study,
global cognitive function was assessed yearly. Executive and memory function were
assessed yearly as well until MMSE score was below 19 points.

In LASA, information processing speed was assessed by an adjusted version of the
Alphabet Coding Task-15. In this task, a row of characters is shown to the participant
with an empty row below it. The participant is asked to name the correct corresponding
characters based on the character combinations given at the top of the sheet and to work as
quickly and accurately as possible. Three consecutive trials of one minute each were
performed. The number of completed character combinations made up the score of each
trial. The mean score of the three trials was used for statistical analyses. In the Leiden 85-
plus Study, the Letter Digit Substitution Task (LDST) was used to assess information
processing speed. The LDST is a modified version of the Symbol Digit Modalities Test*.
During this test, the participant is asked to make as many letter-digit combinations as
possible according to a given key. Outcome parameter is the number of correct
combinations within 60 seconds. For both tests, a higher score indicates better cognitive
performance.

Memory function was assessed with the 15-Words test'’ and 12-Picture Learning test™ in
LASA and the Leiden 85-plus Study, respectively. In the 15-Words test, which is the Dutch
version of the Auditory Verbal Learning Test”, 15 words are presented verbally by the
interviewer. Outcome parameters were the immediate and delayed recall, defined as total
number of correct words during three consecutive trials and number of correct words after a
distraction period of 20 minutes, respectively. Higher scores on both outcome parameters
indicate better cognitive performance. Two versions of the 15 Words Test were used in
consecutive LASA cycles in order to reduce a possible practice effect. The 12-Picture
Learning Test consists of 12 pictures of different objects that are shown to the participant.
Outcome parameters are again the immediate recall and delayed recall after 20 minutes.
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Physical performance

Physical performance was assessed by gait speed and handgrip strength. Gait speed was
measured over a 3-meter course created with a measuring line at the participant’s home.
Participants were asked to walk to the other end of the course, to turn around and walk back
as fast as possible. The use of an assistive device was allowed when needed. The test
started from a standing position and total time was measured by use of a stopwatch. Gait
speed was assessed in each LASA cycle and at the age of 85, 86, 87 and 89 years in the
Leiden 85-plus Study.

Handgrip strength was measured to the nearest kilogram using a hand held dynamometer
(Takei Scientific Instruments CO. Ltd., Tokyo, Japan in LASA and Sammons Preston Inc,
BolingBrook, IL in the Leiden 85-plus Study). The width of the dynamometer’s handle was
adjusted to hand size. Participants were instructed to squeeze with maximal strength. In
LASA, handgrip strength was measured twice for each hand. Outcome parameter was the
mean of the highest values on each hand. If only one value was available (e.g. only one trial
for left or right hand or only measurements of one hand), this value was used. Handgrip
strength was measured from the second LASA cycle onwards. In the Leiden 85-plus Study,
handgrip strength was defined as the highest value during three trials measured on the
dominant hand. Handgrip strength was measured at age 85 and 89 years.

Potential confounders
The following factors were included as potential confounding variables as these are found
to be associated with both cognitive and physical performance: education to indicate

19,20,50

participant’s socio-economic status'®; comorbidity'”'** depressive symptoms and

physical activity*'?%>!2,

In LASA, education was expressed in years. Comorbidity was defined as the number of
chronic diseases, including chronic non-specific lung disease, cardiac disease, peripheral
arterial disease, stroke, diabetes mellitus, arthritis and malignancies. Depressive symptoms
were assessed with the Dutch translation of the Centre for Epidemiologic Studies
Depression Scale (CES-D), a 20-item self-report scale (ranging from 0 to 60) designed to
measure depressive symptoms in the general population™. Physical activity was assessed
by the LASA physical activity questionnaire™, a questionnaire in which frequency and
duration of walking outside, cycling, light and heavy household activities and a maximum
of two sports during the past two weeks are estimated. Scores were converted to total time
spent on physical activities in hours per day.

In the Leiden 85-plus Study, education was divided into low education level, including
participants without schooling or primary school only, and high education level, equivalent
to more than six years of schooling. Chronic diseases included chronic obstructive
pulmonary disease, myocardial infarction, hypertension, stroke, diabetes mellitus,
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rheumatoid arthritis, osteoarthrosis and malignancies'”. Depressive symptoms were
assessed by the 15-item Geriatric Depression Scale (GDS)” and was restricted to
participants with an MMSE score of 19 points or higher. Physical activity was measured
with the Time Spending Pattern questionnaire, scoring on four items of physical exercise
above routine daily physical activity™. Physical activity scores range from 0 to 16 points
with lower scores indicating lower physical activity.

Results

Explanatory note by figure 3

Bcg in this figure can be interpreted as the unstandardized cross-lagged effect of each of the
different cognitive domains on gait speed or handgrip strength. For example, B¢s=0.01 m/s
in the left upper panel for the age group of 85 — 90 years means that a 1 point lower MMSE
score at time point n is associated with a 0.01 m/s steeper decline in gait speed at time point
n+1 (which is for the Leiden 85-plus Study one year, but is in this figure recalculated to a
three year cross-lagged effect to be comparable with LASA).

Explanatory note by figure 4

Bgc in this figure can be interpreted as the unstandardized cross-lagged effect of gait speed
or handgrip strength on each of the cognitive domains. For example, Bs¢=0.6 points in the
left upper panel for the age group of 65 — 74 years means that a 1 m/s slower gait speed at
time point n is associated with a 0.6 points steeper decline in MMSE score at time point
n+1 (which is for LASA three years).
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Supplementary Table 1 Standardized cross-lagged effects of different cognitive domains on gait speed and handgrip strength during follow-up.

LASA Leiden 85-plus Study

55 - 64 yrs. 65 - 74 yrs. 75 -85 yrs. 85-90 yrs.
Model variables Betacs 95% CI p Betacs 95% CI P Betacs 95% CI1 p Betacs 95% CI1 P
Gait speed, m/s
MMSE, points 0.000 -0.043;0.044  0.99 0.030 -0.026;0.085 0.17 0.020 -0.039;0.079 0.38 0.060  0.014;0.11 0.001
Processing speed’, # comb.  0.032  -0.007;0.071  0.034 0.050  0.005;0.095 0.004 0.044  -0.013;0.10 0.049 0.089  0.034;0.015 <0.001
Immediate recall’, # words ~ 0.066  0.024:0.11  <0.001 0.030 -0.016;0.076 0.095 0.000 -0.058;0.058 0.99 0.042  -0.004;0.087 0.018
Delayed recall’, # words 0.056  0.019;0.092 <0.001 0.023  -0.022;0.068 0.18 0.005 -0.049;0.059 0.80 0.051  0.002;0.099  0.007
Handgrip strength, kg
MMSE, points -0.001 -0.051;0.048  0.95 -0.010 -0.055;0.034 0.54 -0.024  -0.14;0.090  0.59 0.14 0.022;0.26  0.002
Processing speed”, # comb. -0.037 -0.086;0.012  0.053 0.006 -0.032;0.045 0.67 -0.004 -0.076;0.068 0.89 0.16 0.055;0.26  <0.001
Immediate recall’, # words ~ 0.007  -0.056;0.071  0.77 -0.036  -0.080;0.009 0.039 -0.080 -0.15;-0.006 0.006 0.13 0.045;0.22  <0.001
Delayed recall’, # words 0.000 -0.055;0.056  0.98 -0.012  -0.050;0.027 0.44 -0.036  -0.10;0.029  0.15 0.13 0.051;0.21  <0.001

Abbreviations: Betacs, standardized cross-lagged effects of cognitive performance on gait speed/handgrip strength; CI, confidence interval; p, p-value; MMSE, Mini-Mental
State Examination; #, number. Cross-lagged panel models were adjusted for age, sex, education, number of comorbidities, depressive symptoms and physical activity.
Assessed with “an adjusted version of the Alphabet Coding Task and the Letter Digit Substitution Task and with "the 15-Words test and 12 Picture Learning Test for LASA

and the Leiden 85-plus Study, respectively.

- 106 -



Temporal relationship between cognitive and physical performance

‘A1oAanoadsar ‘Apmg snjd-gg uapro] ay) pue
VSV 10§ 3891, SUIUIB T JIMOLJ T PUB 1S3} SPIOM-G[ U3, YIIA PUB SB[ UONMISqNG I JNAT Sy} Pue Yse], Surpo)) 12qeyd[y dU) JO UOISIOA PAAISNIPE UE_ Yim PIssassy
‘Kyanoe 1edrsAyd pue swojdwiAs 2A1ssardop ‘sanIpiqrowod Jo Idquunu ‘uoneonpa ‘xas ‘ofe 10j pajsnlpe o1om sjopowr [dued pagFe[-sso1) tIoquinu ‘¥ ‘uoneurwexy Jels

[BIUSIN-TUIIAL “HSINIA ‘onjea-d ‘d {[earjur 9ouapyuods ‘1) ooueurioytod oaniugos uo yySuans duspuey/paads j1ed Jo 109]J0 pa3Se[-SS0I0 PozIpIepue)s Sejoq :SUONEBIAAIQQY

010 T€£0'8900- TI'0 6L0  T60°0°TT°0-  T10°0- SS°0 890°0°TT°0-  120°0- SE0  L90°0FT0-  8€0°0- 3 ‘pSuans duSpuey
07’0 990°0°€€0°0- 91070 9200  T1°0°800°0-  6¥0°0 SF0  690°0°8€0°0- 9100 £90°0  0LO'0TT00- 62070 s/ ‘paads jren
SPIOM # ¢ [[B23X pakepq
Y10 LTOWLOO- 010 7SO0 9T0°0°61°0-  080°0- $90°0  LTO09T°0-  L90'0- €50°0  920°0°8T°0-  8L00- 3 ‘pSuans duSpuey
91'0  8L0°0°€T0°0- 800 170 060°0°T€0°0- 62070 8L°0  TISO0T#00-  $00°0 020 690°0°€20°0- €200 s/ ‘paads jren
SpJIoM # .:—Noou djeIpdwuay
LT'0  TT0'S90°0-  9L0°0 IL0  660°0°7L0°0- TI00 LSOO 660°0°STO'0-  TH0'0 IS0 6LO0LY00- 91070 3 ‘pSuans duSpuey
8€°0  €50°0°920°0-  +10°0 9¢0'0  8L0°0°'800°0- $£0°0 10 8¥0°0°€T0°0-  LT00 $90°0  €£0°0°€T0°0-  S00°0 s/ ‘paads jren
*quuod # ¢ paads Surssadoag
LT00  €€0°€100- 910 6L0  ST0TIO-  +10°0 1000>  61°0°T€0°0 110 060 TI'OIT0-  $00°0 3 ‘mSuans duspuey
TI0 €L0°0'810°0-  LTO0 100°0>  91°0°'8€0°0 010 ¥00'0  €1°0°L00°0  990°0 690  ¥€0°0°L¥0°0-  900°0- s/ ‘paads jren
syutod “FSINIA
d 1D %S6  °Seng d 1D %S6  °Seg d 1D %S6  2Sepq d 1D %S6  °Send SO[qeLIeA [OPOIA!

*sIK 06 - S8 ‘SIK 68 - GL SIK pL - S9 *SIK p9 - 6§

Apmg snyd-gg uoproy VSV'T

*dn-mo[[0J SULINp SUreWop SANIUT0d JUSISHIP U0 YSuans duSpuey/poads J1ed aurjeseq Jo s)0d)Jd pPadSe[-sso1d paziplepuels g 9[qe] Arejuowd[ddng

-107 -



Chapter 7

References

Bruce-Keller AJ, Brouillette RM, Tudor-Locke C, Foil HC, Gahan WP et al. Relationship between cognitive
domains, physical performance, and gait in elderly and demented subjects. J Alzheimers Dis 2012;30(4):899-
908.

Rosano C, Simonsick EM, Harris TB, Kritchevsky SB, Brach J et al. Association between physical and
cognitive function in healthy elderly: the health, aging and body composition study. Neuroepidemiology
2005;24(1-2):8-14.

Auyeung TW, Kwok T, Lee J, Leung PC, Leung J et al. Functional decline in cognitive impairment--the
relationship between physical and cognitive function. Neuroepidemiology 2008;31(3):167-73.

Clouston SA, Brewster P, Kuh D, Richards M, Cooper R et al. The Dynamic Relationship Between Physical
Function and Cognition in Longitudinal Aging Cohorts. Epidemiol Rev 2013.

Krall JR, Carlson MC, Fried LP, Xue QL. Examining the dynamic, bidirectional associations between
cognitive and physical functioning in older adults. Am J Epidemiol 2014;180(8):838-46.

Gale CR, Allerhand M, Sayer AA, Cooper C, Deary 1J. The dynamic relationship between cognitive function
and walking speed: the English Longitudinal Study of Ageing. Age (Dordr ) 2014;36(4):9682.

Mielke MM, Roberts RO, Savica R, Cha R, Drubach DI et al. Assessing the temporal relationship between
cognition and gait: slow gait predicts cognitive decline in the Mayo Clinic Study of Aging. J Gerontol A Biol
Sci Med Sci 2013;68(8):929-37.

Atkinson HH, Rapp SR, Williamson JD, Lovato J, Absher JR et al. The relationship between cognitive
function and physical performance in older women: results from the women's health initiative memory study.
J Gerontol A Biol Sci Med Sci 2010;65(3):300-6.

Taekema DG, Ling CH, Kurrle SE, Cameron ID, Meskers CG et al. Temporal relationship between handgrip
strength and cognitive performance in oldest old people. Age Ageing 2012.

Best JR, Liu-Ambrose T, Boudreau RM, Ayonayon HN, Satterfield S et al. An Evaluation of the
Longitudinal, Bidirectional Associations Between Gait Speed and Cognition in Older Women and Men. J
Gerontol A Biol Sci Med Sci 2016.

Poortvliet RK, Blom JW, de Craen AJ, Mooijaart SP, Westendorp RG et al. Low blood pressure predicts
increased mortality in very old age even without heart failure: the Leiden 85-plus Study. Eur J Heart Fail
2013;15(5):528-33.

Ogliari G, Sabayan B, Mari D, Rossi PD, Lucchi TA et al. Age- and Functional Status-Dependent
Association Between Blood Pressure and Cognition: The Milan Geriatrics 75+ Cohort Study. J Am Geriatr
Soc 2015;63(9):1741-8.

Taekema DG, Maier AB, Westendorp RG, de Craen AJ. Higher blood pressure is associated with higher
handgrip strength in the oldest old. Am J Hypertens 2011;24(1):83-9.

Huisman M, Poppelaars J, van der Horst M, Beekman AT, Brug J et al. Cohort profile: the Longitudinal
Aging Study Amsterdam. Int J Epidemiol 2011;40(4):868-76.

van der Wiel AB, van Exel E, de Craen AJ, Gussekloo J, Lagaay AM et al. A high response is not essential
to prevent selection bias: results from the Leiden 85-plus study. J Clin Epidemiol 2002;55(11):1119-25.
Basta NE, Matthews FE, Chatfield MD, Brayne C. Community-level socio-economic status and cognitive
and functional impairment in the older population. Eur J Public Health 2008;18(1):48-54.

Hajjar I, Quach L, Yang F, Chaves PH, Newman AB et al. Hypertension, white matter hyperintensities, and
concurrent impairments in mobility, cognition, and mood: the Cardiovascular Health Study. Circulation
2011;123(8):858-65.

Kalyani RR, Saudek CD, Brancati FL, Selvin E. Association of diabetes, comorbidities, and A1C with
functional disability in older adults: results from the National Health and Nutrition Examination Survey
(NHANES), 1999-2006. Diabetes Care 2010;33(5):1055-60.

- 108 -



Temporal relationship between cognitive and physical performance

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

Sanders JB, Bremmer MA, Deeg DJ, Beckman AT. Do depressive symptoms and gait speed impairment
predict each other's incidence? A 16-year prospective study in the community. J Am Geriatr Soc
2012;60(9):1673-80.

Jorm AF. Is depression a risk factor for dementia or cognitive decline? A review. Gerontology
2000;46(4):219-27.

Taaffe DR, Irie F, Masaki KH, Abbott RD, Petrovitch H et al. Physical activity, physical function, and
incident dementia in elderly men: the Honolulu-Asia Aging Study. J Gerontol A Biol Sci Med Sci
2008;63(5):529-35.

Sofi F, Valecchi D, Bacci D, Abbate R, Gensini GF et al. Physical activity and risk of cognitive decline: a
meta-analysis of prospective studies. J Intern Med 2011;269(1):107-17.

Zapf D, Dormann C, Frese M. Longitudinal studies in organizational stress research: a review of the
literature with reference to methodological issues. J Occup Health Psychol 1996;1(2):145-69.

Kenny DA. Cross-lagged panel correlation: a test for spuriousness. Psychol Bull 1975;82(6):887-903.
MacCallum RC, Wegener DT, Uchino BN, Fabrigar LR. The problem of equivalent models in applications
of covariance structure analysis. Psychol Bull 1993;114(1):185-99.

Muthén L, Muthén B. Mplus User's Guide. Los Angelos, CA: Muthén & Muthén; 2012.

Enders C. The relative performance of full information maximum likelihood estimation for missing data in
structural equation models. Educational Psychology Papers and Publications 2001;Paper 64.

Hu L, Bentler P. Cutoff criteria for fit indexes in covariance structure analysis: Conventional criteria versus
new alternatives. Structural Equation Modeling 1999;(6):1-55.

Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM et al. Vascular contributions to cognitive
impairment and dementia: a statement for healthcare professionals from the american heart
association/american stroke association. Stroke 2011;42(9):2672-713.

Ferrucci L, Bandinelli S, Benvenuti E, Di IA, Macchi C et al. Subsystems contributing to the decline in
ability to walk: bridging the gap between epidemiology and geriatric practice in the INCHIANTI study. J Am
Geriatr Soc 2000;48(12):1618-25.

Studenski S, Perera S, Patel K, Rosano C, Faulkner K et al. Gait speed and survival in older adults. JAMA
2011;305(1):50-8.

Fritz S, Lusardi M. White paper: "walking speed: the sixth vital sign". J Geriatr Phys Ther 2009;32(2):46-9.
Heuninckx S, Wenderoth N, Debaere F, Peeters R, Swinnen SP. Neural basis of aging: the penetration of
cognition into action control. J Neurosci 2005;25(29):6787-96.

Heuninckx S, Wenderoth N, Swinnen SP. Systems neuroplasticity in the aging brain: recruiting additional
neural resources for successful motor performance in elderly persons. J Neurosci 2008;28(1):91-9.
Yogev-Seligmann G, Hausdorff JM, Giladi N. The role of executive function and attention in gait. Mov
Disord 2008;23(3):329-42.

Best JR, Davis JC, Liu-Ambrose T. Longitudinal Analysis of Physical Performance, Functional Status,
Physical Activity, and Mood in Relation to Executive Function in Older Adults Who Fall. ] Am Geriatr Soc
2015;63(6):1112-20.

Wang L, Larson EB, Bowen JD, van BG. Performance-based physical function and future dementia in older
people. Arch Intern Med 2006;166(10):1115-20.

Yoon JE, Lee SM, Lim HS, Kim TH, Jeon JK et al. The effects of cognitive activity combined with active
extremity exercise on balance, walking activity, memory level and quality of life of an older adult sample
with dementia. J Phys Ther Sci 2013;25(12):1601-4.

Lautenschlager NT, Cox KL, Flicker L, Foster JK, van Bockxmeer FM et al. Effect of physical activity on
cognitive function in older adults at risk for Alzheimer disease: a randomized trial. JAMA
2008;300(9):1027-37.

Kilgour AH, Todd OM, Starr JM. A systematic review of the evidence that brain structure is related to
muscle structure and their relationship to brain and muscle function in humans over the lifecourse. BMC
Geriatr 2014;14:85.

-109 -



Chapter 7

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kaup AR, Mirzakhanian H, Jeste DV, Eyler LT. A review of the brain structure correlates of successful
cognitive aging. J Neuropsychiatry Clin Neurosci 2011;23(1):6-15.

Buchman AS, Yu L, Wilson RS, Boyle PA, Schneider JA et al. Brain pathology contributes to simultaneous
change in physical frailty and cognition in old age. J Gerontol A Biol Sci Med Sci 2014;69(12):1536-44.
Campisi J, Andersen JK, Kapahi P, Melov S. Cellular senescence: a link between cancer and age-related
degenerative disease? Semin Cancer Biol 2011;21(6):354-9.

Folstein MF, Folstein SE, McHugh PR. "Mini-mental state". A practical method for grading the cognitive
state of patients for the clinician. J Psychiatr Res 1975;12(3):189-98.

Savage RD. Alphabet Coding Task-15. Western Australia: Murdoch University; 1984.

Lezak MD, Howieson DB, Loring DW. Neuropsychological assessment. 4th ed. New York: Oxford
University Press; 2004.

Saan RJ, Deelman BG. Nieuwe 15-woorden test A en B (15WTA en 15 WTB) [New version of 15-words
test (I5SWTA and 15WTB)]. In: Bouma A, Mulder J, Lindeboom J, editors. Neuropsychologische
diagnostiek. Handboek [Neuro-psychological diagnostics. Handbook]. Swets & Zeitlinger Publishers; 1986.
p. 13-28.

Brand N, Jolles J. Learning and retrieval rate of words presented auditorily and visually. J Gen Psychol
1985;112(2):201-10.

Rey A. L'Examen clinique en psychologie [The clinical examination in psychology]. Paris: Press
Universitaire de France; 1964.

Schillerstrom JE, Royall DR, Palmer RF. Depression, disability and intermediate pathways: a review of
longitudinal studies in elders. J Geriatr Psychiatry Neurol 2008;21(3):183-97.

Kramer AF, Erickson KI, Colcombe SJ. Exercise, cognition, and the aging brain. J Appl Physiol (1985 )
2006;101(4):1237-42.

Parihar R, Mahoney JR, Verghese J. Relationship of gait and cognition in elderly. Curr Transl Geriatr Exp
Gerontol Rep 2013;2(3).

Radloff LS. The CES-D scale: a selft-report depression scale for research in the general population. Appl
Psychol Meas 1977;1(3):385-401.

Voorrips LE, Ravelli AC, Dongelmans PC, Deurenberg P, Van Staveren WA. A physical activity
questionnaire for the elderly. Med Sci Sports Exerc 1991;23(8):974-9.

Yesavage JA, Brink TL, Rose TL, Lum O, Huang V et al. Development and validation of a geriatric
depression screening scale: a preliminary report. J Psychiatr Res 1982;17(1):37-49.

van Eijk L. Activity and well-being in the elderly. The Netherlands: University fo Groningen; 1997.

- 110 -



Temporal relationship between cognitive and physical performance

—-111-






