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Abstract

Background

There is a need for outcome measures with improved responsiveness to changes in pre-

dementia populations. Both cognitive and motor function play important roles in neurode-

generation; motor function decline is detectable at early stages of cognitive decline. This

proof of principle study used a Pooled Index approach to evaluate improved responsiveness

of the predominant outcome measure (ADAS-Cog: Alzheimer’s Disease Assessment

Scale-Cognitive Subscale) when assessment of motor function is added.

Methods

Candidate Pooled Index variables were selected based on theoretical importance and pair-

wise correlation coefficients. Kruskal-Wallis and Mann-Whitney U tests assessed baseline

discrimination. Standardized response means assessed responsiveness to longitudinal

change.

Results

Final selected variables for the Pooled Index include gait velocity, dual-task cost of gait

velocity, and an ADAS-Cog-Proxy (statistical approximation of the ADAS-Cog using similar

cognitive tests). The Pooled Index and ADAS-Cog-Proxy scores had similar ability to dis-

criminate between pre-dementia syndromes. The Pooled Index demonstrated trends of sim-

ilar or greater responsiveness to longitudinal decline than ADAS-Cog-Proxy scores.
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Conclusion

Adding motor function assessments to the ADAS-Cog may improve responsiveness in pre-

dementia populations

Introduction

The Alzheimer’s Disease (AD) Assessment Scale–Cognitive Subscale (ADAS-Cog) was devel-

oped in 1984 to assess cognitive dysfunction in AD [1]. The ADAS-Cog subsequently became

a widely adopted outcome measure for assessing efficacy in clinical trials of antidementia treat-

ments and is still used today. Multiple studies have reported relationships between cognitive

and motor function in pre-dementia syndromes [2–7]. There is a need for outcome measures

that reflect these advancements and are more responsive for present research settings, while

maintaining compatibility with historical measurement techniques.

Pre-dementia syndromes such as mild cognitive impairment (MCI) involve decreased cog-

nitive functioning of memory, language, and judgement, with decrements in between normal

or expected age-associated cognitive decline and serious cognitive and functional deficits seen

with dementia [8,9]. There are concerns about the responsiveness of the ADAS-Cog at pre-

dementia stages of disease [10–13]. Responsiveness is a form of validity defined as the ability

to detect change [14–17]. Change can be contextualized using three aspects: group versus indi-

vidual level of measurement, between-person versus within-person comparison, and the type

of change one is interested in detecting [14]. The responsiveness of any outcome measure is

population and context specific; although the ADAS-Cog performs well for studies of demen-

tia it does not meet the needs of studies earlier in the natural history of disease progression

[14,16].

Responsiveness can be affected by measurement properties such as floor and ceiling effects

of individual items. Accordingly, several modifications have improved ADAS-Cog responsive-

ness, including alternative scoring, removing tasks, and adding assessments of delayed recall,

executive function, and activities for daily living [10–12,18–23]. An important property when

modifying an outcome measure is backward compatibility as this allows the direct comparison

of novel study results with previous literature based on the original measure. An advantage of

maintaining backwards compatibility with the ADAS-Cog is the ability to compare results

with the vast amount of previously conducted literature that uses this ‘de-facto’ gold standard

measure.

Since the time of ADAS-Cog development, research has found motor function decline

plays an important role in dementia and pre-dementia syndromes [24,25]. Motor function

tests help assess aspects of severity or stage of dementia not captured by purely cognitive tests

[24,25]. Performance on tests such as quantitative gait assessment has been associated with

cognitive status, changes in cognition over time, and incident dementia [1,26–34]. Further-

more, combined cognitive and gait impairments are more strongly associated with risk of cog-

nitive decline and conversion to dementia than either component alone [31,35]. Dual-task gait

performance (walking while simultaneously performing a cognitive task) has been associated

with cognitive ability, different pre-dementia syndromes, and incident dementia [33,36,37].

The magnitude of change in gait during dual-tasking can be expressed as a dual-task gait cost

(DTC), which adjusts for an individual’s baseline gait characteristics [38]. Importantly, the

ability to maintain gait control while using cognitive resources underlies the ability to safely

perform daily activities required for independent living [39]. Our literature review of
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modifications made to the ADAS-Cog since its development did not find any revisions

whereby motor function or DTC assessments were added to the ADAS-Cog [13]. The overall

aim of our study was to assess whether motor function assessments can be a helpful addition

to cognitive outcome measures for detecting pre-dementia syndrome progression.

We hypothesized that adding assessments of motor function to the ADAS-Cog would

improve responsiveness among older adults with pre-dementia syndromes. Our objectives

were 1) to develop an outcome measure using a pooled index approach that includes quantita-

tive gait and DTC assessments and is backwards-compatible to the ADAS-Cog and, 2) com-

pare the responsiveness of the ADAS-Cog and the Pooled Index to group-level between-

person differences in stage of pre-dementia disease progression at one point in time (baseline

discrimination), and 3) compare the responsiveness of the ADAS-Cog, the Pooled Index, and

different combinations of items to group-level within-person measured change over time in a

pre-dementia sample (longitudinal decline).

Methods

We searched for a database containing ADAS-Cog scores, quantitative gait assessments, and

prospectively measured conversion to dementia across different cognitive subgroups at base-

line. Because we did not locate a database with all required items, we accessed two partially

overlapping datasets that together had the required variables and developed a statistical model

that approximated the ADAS-Cog, the ‘ADAS-Cog-Proxy’.

Study populations

The Gait and Brain Study. The Gait and Brain Study is an ongoing prospective cohort

(clinicaltrial.gov identifier: NCT03020381) designed to determine whether quantitative gait

deficits can predict cognitive and mobility decline, falls, and progression to dementia among

community-dwelling older adults. Study details have been described elsewhere [31,33,40]. The

study was approved by the University of Western Ontario Health Sciences Research Ethics

Board (approval number: 17200), and written informed consent was obtained from partici-

pants at the time of enrollment. Participant recruitment began in 2007 from geriatric and

memory clinics at hospitals affiliated with the University of Western Ontario in London,

Ontario. Inclusion criteria were 65 to 85 years old, able to walk 10 meters without assistance,

and absence of dementia. Exclusion criteria were lack of English proficiency, Parkinsonism or

other neurological disorder affecting motor function, musculoskeletal disorders or joint

replacements that affect gait performance (clinician-assessed), use of psychotropics that can

influence motor performance, and major depression. At baseline, eligible participants were

divided into three diagnostic categories based on performance in cognitive testing and clinical

evaluation. The Normal Cognition (NC) group had normal age-, sex-, and education-adjusted

scores on the Mini-Mental State Examination (MMSE) [41] and Montreal Cognitive Assess-

ment (MoCA) [42] based on standardized norms that account for age, sex, and education [43].

Subjective Cognitive Impairment (SCI) criteria were the same as that for NC, except patients

reported persistent decline in cognition that was not explainable by an acute event, and

answered yes to both, “Do you feel like your memory or thinking is becoming worse?” and

“Does this concern you?”. As described in the study protocol and following work [36,44], Mild

Cognitive Impairment (MCI) was based on Petersen criteria [9] and included 1) a score of 0.5

on the Clinical Dementia Rating (CDR) Scale, 2) subjective cognitive complaints, 3) measured

cognitive impairment in memory, executive function, attention, and/or language defined as

scores 1.5 SD below expected performance based on published norms for age, sex, and educa-

tion [43], 4) intact Lawton-Brody Activities of Daily Living, and 5) absence of dementia
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determined by a specialized clinician and based on Diagnostic and Statistical Manual of Men-

tal Disorders version IV-TR criteria.

The Alzheimer’s Disease Neuroimaging Initiative. The Alzheimer’s Disease Neuroimag-

ing Initiative (ADNI) is a multi-phase study that began in 2003 as a public-private study part-

nership with the primary goal of testing whether neuroimaging, biological, and clinical

assessments can be combined to measure progression from MCI to early AD (adni.loni.usc.
edu). Study sites are located throughout North America. We used data from the first phase,

ADNI1; detailed information on ADNI1 can be found at www.adni-info.org. Because ADNI1

collected the ADAS-Cog as well as several of the same cognitive measures administered in the

Gait and Brain Study, ADNI1 data were used to develop a predictive model that estimates

ADAS-Cog scores (ADAS-Cog-Proxy) that would have been collected in the Gait and Brain

Study. ADNI1 data was downloaded on October 26, 2016. General inclusion criteria:

Hachinski Score less than or equal to 4, age 55–90 years, stability of ADNI-permitted medica-

tions for 4 weeks, Geriatric Depression Scale under 6, study partner with 10 hours or more per

week contact to accompany the participant to visits, visual and auditory acuity adequate for

neuropsychological testing, good general health, sterile or two years past childbearing potential

for women, willing and able to complete a three year imaging study, completed six grades of

education or has good work history, fluent English or Spanish speaking ability, commitment

to Neuroimaging and no medical contraindications to MRI, agrees to DNA for ApoE testing

and banking and to blood and urine for biomarkers, and not enrolled in other trials or studies

[45].

Measures

Cognition. The process from ADAS-Cog-Proxy model development in ADNI1 to score

estimation for participants in the Gait and Brain Study is described in detail in the S1 Appen-

dix. Briefly, a predictive model developed with ADNI1 data was used to obtain ADAS-Cog-

Proxy scores. The outcome was ADAS-Cog score; candidate covariates were cognitive tests

present in both ADNI1 and the Gait and Brain Study (MMSE, Rey Auditory Verbal Learning

Test, CDR- Sum of Boxes, Digit Span Forward, Digit Span backward, Trail Making Test A,

and Trail Making Test B). Linear Regression and Generalized Additive Model (GAM) predic-

tive models were considered [46,47]. Candidate models were constructed in a development

subset of baseline ADNI1 data, using different combinations of candidate covariates. Prelimi-

nary accuracy was assessed in the development subset as the percentage of participants with a

predicted ADAS-Cog-Proxy score within three points of their observed ADAS-Cog score.

Three points is considered a clinically significant change [48]. The best candidate ADAS-Cog-

Proxy predictive model was selected based on preliminary accuracy estimates and on similarity

of the measurement domains captured by covariates to the ADAS-Cog. Final model accuracy

was estimated in a separate testing subset of ADNI1 data.

To allow all participants in the Gait and Brain Study to have an ADAS-Cog-Proxy GAM

score, Multivariate Imputation by Chained Equations (MICE) was used to impute missing

GAM covariate values [49,50]. Five imputed datasets were created; the ADAS-Cog-Proxy

GAM was applied to each, and the mean of the five estimated scores for each participant was

taken as their final ADAS-Cog-Proxy GAM score. MICE and estimation of ADAS-Cog-Proxy

GAM scores for participants in the Gait and Brain Study was repeated for baseline, 6, 12, 24,

36, and 48 month follow-up visits. Additional details are in Table B of the S1 Appendix.

Motor function. We evaluated quantitative gait performance using an electronic walkway

system (GAITRite™) [51]; participants walk along the walkway and several gait measurements

are taken. To avoid measuring acceleration and deceleration phases, start and end points were
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marked one metre away from the boundaries of a six metre recording distance. Participants

were asked to walk as they usually would, and average values across the recording distance

were used. Four testing conditions were performed, including one single-task and three dual-

task conditions (see below). The following spatio-temporal gait parameters were considered

based on prominence and utility in previous research: velocity, stride time, step time, stride

length, step length, double support time, swing time, stride width, stride velocity, and cadence.

The coefficient of variation (
Standard DeviationðSDÞ

Mean�100
) allows direct comparison of variability across var-

iables measured using different units, [52] and was calculated for all parameters except

velocity.

Motor-cognitive performance. Simultaneous assessment of motor and cognitive func-

tioning was done using the same electronic walkway as for motor function measurements, but

participants were asked to perform cognitive tasks while walking. We assessed the three dual-

task gait conditions of walking while: i) counting backwards from 100 by ones, ii) counting

backwards from 100 by sevens, and iii) naming animals. Participants were not instructed to

prioritize either the cognitive or the walking task. DTC was calculated for velocity, stride time,

and stride time coefficient of variation, using the formula
ðSingle� task condition� dual� task conditionÞ

single� task condition

h i
�

100 [36]. These three parameters were selected based on literature supporting their importance

in dementia and pre-dementia syndromes [25,33,36,40].

Baseline descriptive statistics. Participant characteristics summarized for the two data-

sets included demographics (age, education, sex), medication count, comorbidity count,

depressive symptoms (Geriatric Depression Scale [53], physical activity, Activities of Daily Liv-

ing (Lawton-Brody Scale, Instrumental and Basic [54], Cognition [1] or ADAS-Cog-Proxy,

MoCA [42], MMSE [41], CDR-SB [55], Rey Auditory Verbal Learning Test [56], Trail Making

Test A and B [57], gait (velocity, stride time, strive time coefficient of variation [25,33,2]), and

dual-task gait (gait velocity with counting, stride time with serial sevens, stride time with nam-

ing animals [25, 33, 2]).

Analyses

Pooled index development. Our outcome measure was developed as a Pooled Index,

which allows source variables with different scoring ranges to be combined into a single sum-

mary score while maintaining the ability to use each of the source variables individually [58–

60]. Including up to six component variables with low pairwise correlations in a PI is recom-

mended for covering important measurement domains and reducing variability of final PI

scores [17–19]. We split our candidate components into three categories that have evidence of

importance for pre-dementia and dementia syndromes and required at least one variable from

each of the categories to be included in the Pooled Index: cognition, motor function, and

motor-cognitive performance. After recoding variables so that higher values indicated greater

dysfunction, Pooled Index scores were obtained by calculating Z-scores for each variable

Z ¼ ðobservation� goup meanÞ
SD

� �
, and then averaging those Z-scores [58,60]. When individual Pooled

Index variables have low pairwise correlations, the SD of the combined score decreases as the

number of source variables increases, which increases the detectable signal relative to noise or

variability [59,60]. Variable selection for our Pooled Index was thus guided by low pairwise

correlation coefficients, aided by theoretical considerations. An overview of our process is in

Fig 1. To create the Pooled Index we first assessed pairwise correlations between the ADAS--

Cog-Proxy GAM scores and each of the single-task gait and DTC variables. Variables were

retained when |rho|<0.2 or when |rho| = 0.2 to 0.4 with evidence supporting that parameter’s

involvement in dementia or pre-dementia syndromes.
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Pairwise correlation coefficients were calculated for all retained single-task gait and DTC vari-

ables. In looking for at least one weakly intercorrelated pair, when numerical considerations were

similar, we consulted literature on the involvement of the candidate variables in pre-dementia or

dementia syndromes. When numerical and theoretical criteria were similar, box plots were cre-

ated to assess which, if any, of the contending gait and DTC variables demonstrated a stepwise

progression from NC to SCI to MCI diagnostic categories. Scatterplots were used to rule out

strong non-linear relationships. Because most of the reduction in pooled SD occurs up to about

six variables and diminishes thereafter, we focused our attention on finding a relatively small

number of variables rather than the largest number possible. Finally, ease of assessment was a

final pragmatic consideration for both individual variables and the Pooled Index as a whole.

Responsiveness. To assess whether motor function assessments improve responsiveness

to changes in pre-dementia syndromes, we compared the Pooled Index to the ADAS-Cog-

Proxy, which is standing in for the ‘gold standard’ original version of this cognitive outcome

measure. Larger responsiveness test statistics suggest better detection of change.

Due to skewness and small sample sizes non-parametric tests were used to evaluate responsive-

ness to baseline discrimination. Kruskal-Wallis tests were used to assess whether the ADAS-Cog-

Proxy and Pooled Index could detect a significant difference among the diagnostic categories of

NC, SCI, and MCI. Mann-Whitney U tests were used to assess all pairwise comparisons.

Standardized Response Means SRM ¼ mean difference score
SD of the difference score

h i
were used to assess responsive-

ness to longitudinal change over 6 to 48 months of follow-up for the Pooled Index, the ADAS--

Cog-Proxy, and the ADAS-Cog-Proxy combined with individual Pooled Index components.

Standardization was always performed with respect to the baseline distribution of participants

Fig 1. Overview of pooled index development. NC = Normal Cognition, SCI = Subjective Cognitive Impairment, MCI = Mild Cognitive Impairment.

https://doi.org/10.1371/journal.pone.0238690.g001
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present at the follow-up visit of interest. Ninety-five percent bootstrap confidence intervals

based on 1000 iterations of sampling with replacement were computed for the ADAS-Cog-

Proxy GAM scores and for the Pooled Index.

Secondary analysis. SRMs and 95% bootstrap confidence intervals were calculated for the

MMSE as a secondary analyses and used as a final comparison metric.

All analyses were conducted with RStudio, version 1.0.136 [61].

Results

A total of 109 participants from the Gait and Brain Study were used to develop our Pooled

Index and assess responsiveness. Baseline Gait and Brain Study characteristics can be found in

Table 1. One participant with SCI did not have single-task gait recorded at baseline and was

omitted from analyses. Participants who converted to dementia were included for time points

prior to their dementia diagnosis. Two participants converted by six months of follow-up, one

by 12 months, four by 24 months, and one by 36 months.

To develop the ADAS-Cog-Proxy, 573 participants from ADNI 1 were used; baseline

ADNI1 characteristics can be found in Table 2.

ADAS-Cog-Proxy

The best candidate model was a GAM with three covariates: Rey Auditory Verbal Learning

Test (RAVLT), the MMSE, and the CDR-Sum of Boxes. Cognitive domains assessed by these

measures overlap with the ADAS-Cog; adding more less similar cognitive assessments did not

meaningfully improve GAM performance. Model accuracy on the ADNI1 testing subset was

69% of participant scores predicted within three points and 88% within five points of observed

ADAS-Cog scores. A summary of ADAS-Cog-Proxy GAM development is in the S1

Appendix.

A summary of the number of missing GAM covariates imputed using MICE is in Table B

of the S1 Appendix.

Gait and cognition Pooled Index

Variables selected for the Pooled Index included the ADAS-Cog-Proxy, gait velocity, and DTC

for gait velocity with the secondary task of counting backwards from 100 by ones (Fig 1). Pair-

wise correlation coefficients ranged from 0.27 to 0.32.

Baseline discrimination

Both the ADAS-Cog-Proxy and the Pooled Index showed an overall statistically significant dif-

ference in mean ranks across the three diagnostic categories (ADAS-Cog-Proxy: H(2) = 24.13;

PI: H(2) = 22.36, both P<0.001). Statistically significant pairwise comparisons were found for

SCI versus MCI (ADAS-Cog-Proxy: U = 331, P = 0.0002; PI: U = 348, P = 0.0009) and NC ver-

sus MCI (ADAS-Cog-Proxy: U = 153, P = 0.0002; PI: U = 148, P = 0.0001), but not NC versus

SCI diagnostic categories (ADAS-Cog-Proxy: U = 93, P = 0.41; PI: U = 75, P = 0.17).

Longitudinal change

All SRMs are in Table 3. In terms of point estimates, the full Pooled Index demonstrated better

responsiveness than the ADAS-Cog-Proxy GAM scores for 6 and 48 months, but not 36

months of follow-up. For 12 and 24 months the ADAS-Cog-Proxy GAM scores detected over-

all improvement, while the Pooled Index detected almost no change. Adding only gait velocity

to the ADAS-Cog-Proxy using a Pooled Index approach consistently increased responsiveness
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Table 1. Gait and Brain Study baseline characteristics.

Characteristic Mean (SD) Minimum, Maximum Number of missing values

(if applicable) unless otherwise specified
Overalla Normal

Cognitionb
Subjective Cognitive

Impairmentc
Mild Cognitive

Impairmentd

Age (years) 74.22 (6.33) 73.50 (4.58) 70.00 (4.59) 75.36 (6.52)

63.00, 92.00 67.00, 82.00 65.00, 85.00 63.00, 92.00

Education (years) 13.85 (2.92) 16.33 (3.06) 14.42 (2.81) 13.33 (2.74)

6.00, 20.00 10.00, 20.00 10.00, 20.00 6.00, 20.00

Sex

Female n (%) 58 (53) 7 (58) 15 (79) 36 (49)

Male 51 5 4 42

Medications (#) 7.62 (4.52) 6.42 (4.06) 6.53 (5.26) 8.06 (4.37)

0, 21 2, 16 0, 21 0, 21

Comorbidities (#) 6.06 (2.85) 4.33 (1.44) 4.79 (2.02) 6.64 (2.98)

0, 13 2, 7 1, 8 0, 13

Geriatric Depression Scale 2.35 (2.14) 1.60 (1.14) 2.25 (1.89) 2.40 (2.21)

0, 10 0, 3 1, 5 0, 10

22 7 15 0

General Physical Activity Level

Vigorous: n (%) 63 (58) 6 (50) 13 (68) 44 (56)

Moderate: n (%) 29 (27) 5 (42) 4 (21) 20 (26)

Seldom: n (%) 16 (25) 1 (8) 2 (11) 13 (17)

Missing: n 1 0 0 1

Instrumental Activities of Daily Living 7.69 (0.94) 8.00 (0.00) 7.75 (0.50) 7.67 (0.99)

2, 8 8, 8 7, 8 2, 8

22 7 15 0

Basic Activities of Daily Living 0.42 (0.97) 0.80 (0.84) 0.75 (0.96) 0.38 (0.98)

0, 5 0, 2 0, 2 0, 5

22 7 15 0

ADAS-Cog-Proxy 9.46 (2.34) 7.59 (1.32) 7.96 (1.93) 10.11 (2.24)

3, 16 4, 9 3, 12 5, 16

Montreal Cognitive Assessment 24.45 (3.82) 27.25 (1.48) 27.89 (2.45) 23.18 (3.60)

12, 30 24, 30 21, 30 12, 30

Mini-Mental State Examination 27.74 (2.52) 28.83 (1.80) 28.89 (1.45) 27.29 (2.69)

18, 30 24, 30 24, 30 18, 30

Clinical Dementia Rating Scale 0.99 (0.89) 0.0 (0.0) NA 1.07 (0.88)

0.0, 4.0 0.0,0.0 NA 0.0, 4.0

68 9 19 40

Rey Auditory Verbal Learning Test (3 trials) 17.20 (5.35) 23.40 (5.18) 24.75 (6.65) 16.34 (4.71)

8.0, 33.0 19.0, 32.0 17.0, 33.0 8.0, 28.0

29 7 15 7

Gait Velocity (cm/s) 108.40 124.80 114.10 104.60

21.27 15.78 17.59 21.47

57.27, 165.2 99.65, 155.80 82.17, 141.00 57.27, 165.20

1 0 0 0

Stride Time (s) 1.14 (0.10) 1.11 (0.08) 1.10 (0.08) 1.16 (0.10)

0.93, 1.41 0.95, 1.20 0.97.0, 1.26 0.93, 1.41

1 0 1 0

(Continued)
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to decline (less negative or more positive SRM), while adding only DTC to the ADAS-Cog-

Proxy showed mixed results. For each time point, the 95% bootstrap confidence intervals for

the Pooled Index capture a higher range of SRMs than for the ADAS-Cog-Proxy GAM scores;

however, for each timepoint the intervals overlap. Secondary analysis of the MMSE show that

it had the highest SRM point estimate for all time points except six months (S1 Table).

Due to the nature of using data from an on-going cohort study, not all participants had a

chance to reach all follow-up time points, which contributed to our small sample sizes espe-

cially at the longest points of follow-up. Additional reasons for not having a visit at all time

points include conversion to dementia and drop out due to health conditions or death. We

assessed baseline differences between participants who did versus did not have each follow-up

visit. Participants with 24- and 48-month visits had statistically significantly faster gait speed

than those who did not have those visits. There were no statistically significant differences in

baseline gait velocity for the other lengths of follow-up, or for any follow-up length in age, edu-

cation, DTC, or ADAS-Cog-Proxy scores.

Discussion

This proof of principle study suggests a Pooled Index approach combining assessments of

motor function with ADAS-Cog-Proxy GAM scores may have comparable or increased

responsiveness to changes in pre-dementia syndromes compared to ADAS-Cog-Proxy GAM

scores alone.

More specifically, the Pooled Index and the ADAS-Cog-Proxy demonstrated similar

responsiveness to baseline discrimination. Both detected statistically significant differences

between NC and MCI, and SCI and MCI, but not between NC and SCI categories. For all but

one follow-up period the Pooled Index trended towards greater responsiveness to longitudinal

Table 1. (Continued)

Characteristic Mean (SD) Minimum, Maximum Number of missing values

(if applicable) unless otherwise specified
Overalla Normal

Cognitionb
Subjective Cognitive

Impairmentc
Mild Cognitive

Impairmentd

Stride Time Coefficient of Variation (CV) (%) 2.47 (1.48) 2.08 (0.76) 2.49 (2.02) 2.53 (1.43)

0.62, 9.73 1.14, 4.04 1.16, 9.73 0.62, 7.89

1 0 1 0

Dual-Task Gait Velocity Cost with Counting (%) 5.51 (10.68) 3.10 (11.52) 2.58 (5.48) 6.55 (11.35)

-16.04, 34.61 -8.16, 34.61 -11.05, 10.82 -16.04, 31.12

1 0 1 0

Dual-Task Stride Time Cost with Serial Sevens (%) -16.93

(18.42)

-24.06 (29.08) -8.23 (9.87) -17.86 (17.37)

-75.93, 6.30 -75.93, 3.74 -38.54, 2.74 -69.50, 6.30

3 0 1 2

Dual-Task Stride Time CV Cost with Naming Animals (%) -133.40 -214.80 -44.54 -141.30

(270.66) (416.11) (80.73) (269.59)

-1382.00,

77.58

-1382.0, 63.87 -240.3, 53.55 -1200.00, 77.58

1 0 1 0

SD = Standard Deviation, NA = Not Applicable. Number of participants

a = 109

b = 12

c = 19

d = 78.

https://doi.org/10.1371/journal.pone.0238690.t001
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decline than the ADAS-Cog-Proxy, but 95% bootstrap confidence intervals always overlapped.

For two follow-up periods the point estimate for the ADAS-Cog-Proxy GAM scores detected

improvement while the Pooled Index detected worsening; 95% bootstrap confidence intervals

for both outcomes cross the point of no change so interpretation of these estimates must be

done with caution. Estimates suggesting group-level improvement may be capturing the fact

that the trajectory from NC to dementia is not linear, and not all participants are expected to

progress to dementia. Motor function decline may not follow the same trajectory as cognitive

decline, and has been found to occur in advance of cognitive decline and further disease pro-

gression [25,28–31]. An additional possibility to explain improvement on ADAS-Cog-Proxy

SRMs while Pooled Index SRMs suggest worsening is practice effects or other inconsistency

due to multiple versions of the RAVLT [62,63], which is one of the GAM covariates—this may

artificially improve scores. Importantly, changes in cognitive or motor function abilities alone,

or in the ability to engage in motor and cognitive tasks simultaneously, are all important

aspects of functionality. Further research is needed to assess whether including gait assess-

ments provide a more realistic assessment of changes in overall disease severity than purely

cognitive measures.

Table 2. Alzheimer’s Disease neuroimaging initiative baseline characteristics.

Characteristic Mean (SD) Minimum, Maximum Number of missing values (if

applicable) unless otherwise specified
Age (years) 75.17 (6.56)

54.40, 89.60

Education (years) 15.84 (2.94)

6.00, 20.00

Sex

Female n (%) 228 (40%)

Male 345

Alzheimer’s Disease Assessment Scale-

Cognitive Subscale

9.51 (4.63)

0, 28

Mini-Mental State Examination 27.78 (1.84)

23, 30

Rey Auditory Verbal Learning Test (3

trials)

18.34 (5.64)

5, 38

Clinical Dementia Rating Scale-Sum of

Boxes

1.02 (1.03)

0.00, 4.50

Trail Making Test A 41.41 (20.08)

17.00, 188.00

4

Trail Making Test B 114.8 (65.62)

34.0, 348.0

5

Digit Span Forward Test 6.64 (1.05)

4, 8

Digit Span Backward Test 4.71 (1.19)

0, 7

Number of participants = 573, all from ADNI1. Five ADNI 1 participants were missing at least one covariate value

for the fifth ADAS-Cog-Proxy candidate model and were excluded solely from analyses pertaining to that model.

https://doi.org/10.1371/journal.pone.0238690.t002
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The improvements in longitudinal change responsiveness demonstrated by the Pooled

Index were made without including explicit tests of delayed recall or executive function. These

cognitive abilities decline in pre-dementia syndromes but are not included on the original

ADAS-Cog [1,12]; previous ADAS-Cog modifications incorporating them have found

improvements to responsiveness in pre-dementia studies [11,12,19,20]. Given previously

found associations between gait velocity and DTC with cognitive abilities, especially executive

function, we suspect part of the responsiveness of the Pooled Index is due to gait assessments

capturing changes in executive function in addition to motor function aspects of disease pro-

gression; assessments of motor and cognitive function are not mutually exclusive [39,64,65].

The results from this study are weaker than expected when viewed alongside the larger

body of literature demonstrating associations of gait and dual-task cost with cognitive decline

and dementia [25–30,33,34]. Within the last decade, a new predementia syndrome, motoric

cognitive risk syndrome, including both cognitive and motor deficits was introduced; it has

been found to be prevalent internationally and have an association with conversion to demen-

tia, suggesting the relationship between cognitive and motor decline is widespread [35,66]. In

terms of baseline discrimination, gait and dual-task parameters similar to those used in the

present study have been found to distinguish between subtypes of MCI (amnestic vs. non-

amnestic) and dementia [33,34,36]. In terms of longitudinal change, motor function, assessed

with gait and dual task cost, has been found to occur in advance of cognitive decline and to

predict future cognitive decline and conversion to dementia [1,26–30,32,37]. Further, the com-

bination of gait and cognitive measures has been found to better predicted dementia than

either test alone [31]. Despite these advancements in understanding the natural history of cog-

nitive and motor decline there is less research on developing an outcome measure that aligns

with these advancements and optimizes different types of responsiveness; the present study

provides a starting point—given the findings are not as clear as anticipated this further high-

lights a need for further research.

Outcome measures that assess motor and cognitive abilities at the same time may reduce

inefficiencies in testing protocols and better detect meaningful changes in functionality or

overall disease severity. Further practical advantages of using quantitative gait assessments for

outcome measurement include language independence, non-invasive administration proce-

dures, measurement precision, and for the DTC paradigm each participant serves as their own

control. Advantages of gait velocity specifically are that it can be easily measured using only a

stopwatch.

Similar advantages of using gait measures in a research setting apply to a clinical setting

where ease and comprehensiveness of measurement are a priority. For example, gait velocity is

a marker of overall health and the amount of dementia pathology, e.g. beta amyloid in the

brain, is not necessarily associated with cognitive or functional decline. Adding gait measures

Table 3. Standardized response means to assess responsiveness to longitudinal change in the Gait and Brain Study.

n Months of follow-up ADASp (95% CI) ADASp + GV ADASp + DTC ADASp + GV + DTC (95% CI)

86 6 0.14 (-0.08, 0.34) 0.17 0.18 0.23 (0.01, 0.47)

73 12 -0.05 (-0.31, 0.17) -0.02 0.03 0.06 (-0.18, 0.31)

55 24 -0.24 (-0.49, 0.03) -0.11 -0.07 0.01 (-0.27, 0.26)

35 36 0.23 (-0.08, 0.55) 0.34 0.11 0.18 (-0.15, 0.56)

24 48 0.60 (0.22, 1.04) 0.68 0.59 0.65 (0.31, 1.2)

ADASp = Alzheimer’s Disease Assessment Scale-Cognitive Subscale-Proxy, CI = bootstrap Confidence Interval, DTC = Dual Task Cost, GV = Gait Velocity,

m = months, n = sample size, + indicates variables were combined using a pooled index approach.

https://doi.org/10.1371/journal.pone.0238690.t003
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to neuropsychological testing in a clinical setting is both feasible and may provide a more accu-

rate picture of progression to dementia and of overall health more generally. To get to this

point more research is needed to develop a valid and reliable measure that includes both cogni-

tive and motor assessments and is associated with clinically relevant outcomes. Testing of the

measure would need to happen to assess responsiveness in both research and clinical settings

as good performance in one setting does not always transfer to another [14–16].

An additional contribution of this study is our framework for developing the ADAS-Cog-

Proxy. The process outlined in the S1 Appendix may be followed when there is an appropriate

research question but not all necessary variables present in a single available database. Using a

predictive model to obtain estimates of a missing variable allows preliminary tests of hypothe-

ses without the time and resources that would be required to collect new data.

Main limitations of our study include small sample sizes, which may have contributed to

some of the inconsistency in responsiveness across time points, missing data, and not using

the original ADAS-Cog. The large proportion of missing data for the RAVLT and CDR-SB

especially at longer follow-up visits may reduce the validity of imputation. There is a possible

censoring bias given not all participants reached all time points, which is further suggested by

the time points where participants who have the visit had faster baseline gait velocity (associ-

ated with overall health) than those who did not reach that time point. Our results should be

replicated when a dataset with both ADAS-Cog and gait parameters collected under a com-

mon protocol becomes available. Two ADAS-Cog-Proxy GAM covariates were collected one

month prior to ADAS-Cog administration, which may have contributed extra noise to the

GAM development and led to an underestimate of accuracy. Restricting our Pooled Index to

only gait velocity single and DTC with the ADAS-Cog-Proxy represents the trade-off in infor-

mation value between practicality and measurement intensiveness. The derived units of the

Pooled Index are also difficult to interpret and not directly comparable to ADAS-Cog scores.

In conclusion, our study used a proof of principle approach to explore whether adding

motor tests to the ADAS-Cog would increase responsiveness to cognitive status and longitudi-

nal changes. Our findings indicate a need for future research and researchers who are planning

pre-dementia studies or developing new outcome measures may consider including gait

assessments as part of a comprehensive test battery. Future steps include replicating the Pooled

Index using the original ADAS-Cog, assessing responsiveness with larger subsamples of con-

verters across all levels of disease severity from NC to dementia, further investigating direction

of change identified by motor and cognitive measures, and assessing responsiveness to treat-

ment effects in pre-dementia populations.
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