
Received: 25 February 2021 Revised: 26 August 2021 Accepted: 25October 2021

DOI: 10.1002/alz.12537

F E ATU R ED ART I C L E

Slowing gait speed precedes cognitive decline by several years
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Abstract

Introduction: In this longitudinal study, we aimed to examine if slowing gait speed pre-

ceded cognitive decline and correlated with brain amyloidosis.

Methods: The sample (n = 287) was derived from the Gothenburg H70 Birth Cohort

Studies, with follow-ups between 2000 and 2015. Gait speed was measured by indoor

walk, and cognition using the Clinical Dementia Rating (CDR) score. All participants

had CDR= 0 at baseline. Some participants had data on cerebrospinal fluid (CSF) amy-

loid beta (Aβ)1-42 concentrations at the 2009 examination.

Results: Gait speed for participants who worsened in CDR score during follow-up

was slower at most examinations. Baseline gait speed could significantly predict CDR

change from baseline to follow-up. Subjects with pathological CSF Aβ1-42 concentra-
tions at the 2009 visit had lost more gait speed compared to previous examinations.

Discussion: Our results indicate that gait speed decline precedes cognitive decline, is

linked toAlzheimer’s pathology, andmight be used for early detection of increased risk

for dementia development.
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1 BACKGROUND

Slowing gait speed is a general part of normal aging but has also been

linked to cognitive decline in individuals with subjective cognitive

impairment (SCI), mild cognitive impairment (MCI), and dementia.1,2

Gait, a complex motor function, is affected by many different factors,

including pathologic changes in the central nervous system (CNS). Slow

gait speed in combinationwith cognitive complaints has been shown to

identify individuals at high risk of progressing to dementia.3–5 Differ-

ent aspects of gait have been studied in relation to anatomic areas of

the brain. These studies suggest several specific connections, such as

between-stepwidth and the pallidum, or step length and the prefrontal

cortex.3,4 In addition, specific cognitive domains have been linked to

gait domains, such as gait pace correlatingwith executive function, and

gait rhythm correlating with processing speed.6 Of interest, although

motor functions and cognition are closely associated, gait properties

have been shown to precede detectable cognitive change by several

years and to relate to rate of cognitive decline.7–10 Early diagnosis of

the disease underlying cognitive impairment is of high importance and

might be a key element to being able to administer future treatments in

time before irreparable neuronal damage has occurred. The combina-

tion of information on gait and cognition may better identify patients

who are at high risk of developing dementia than eithermeasure alone.

Gait speed is easily measured in the clinical settings, withminimal risks

to the patient and without costly equipment or training of medical

staff. The longitudinal assessment of gait properties might assist in

identifying patients at risk of developing or worsening in cognitive

status, and aid primary care clinicians to more reliably select patients

at high risk of dementia for referral and further examinations such

as cerebrospinal fluid (CSF) biomarker measurements and magnetic

resonance imaging (MRI).

Alzheimer’s disease (AD) is the most common cause of progressive

cognitive impairment in older adults. AD pathology is characterized by

the accumulation of amyloid beta (Aβ) plaques, neurofibrillary tangles
(NFTs), and brain atrophy. CSF levels of amyloid β1-42 (Aβ1-42), the pri-
mary component of amyloid plaques, have been shown previously to

be decreased in preclinical and developed AD in several studies.11–13

However, studies on AD pathology and CSF Aβ1-42 in relation to gait

speed are scarce.14

In this longitudinal study with a follow-up of 15 years, we aimed

to examine the risk of cognitive decline in community-dwelling sub-

jects with decreased gait speed but intact cognition (n= 287). We also

assessed the temporal relationship between gait slowing and cognitive

decline, as well as the relationship of gait speed changes to CSF levels

of Aβ1-42.

2 METHODS

2.1 Study sample

The baseline samplewas derived from the examinations of theGothen-

burg H70 Birth Cohort Studies in Sweden, which occurred in 2000 to

2002. The sample was obtained through systematic sampling by birth

date from the Swedish Population Registry and included persons liv-

ing in private households and individuals in residential care. A total of

775 70-year-olds living in Gothenburg and an additional 105 70-year-

olds who previously participated in the Prospective Population Study
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using traditional (eg, PubMed) sources,meetingabstracts,

and presentations. Slowing gait speed has been linked

previously to subjective cognitive impairment, mild cog-

nitive impairment, and dementia, but longitudinal studies

on gait in cognitively healthy subjects are lacking. Stud-

ies on cerebrospinal fluid evidence of Alzheimer’s disease

in relation to gait in cognitively healthy subjects are also

rare.

2. Interpretation: Our findings indicate that gait speed

decline is an early event in cognitive decline, and possibly

linked to AD pathology.

3. Future directions: Gait speed might be used in concert

with other modalities for early detection of subjects with

increased risk of developing dementia. However, further

studies on gait speed in relation to cognitive decline are

needed.

ofWomen in Gothenburg but hadmoved out of Gothenburg, was sam-

pled. Of these, 28 were excluded due to language difficulties, emigrat-

ing or dying before inclusion, or because theywere not possible to con-

tact. In total, 852 individuals were invited, and 604 of those individu-

als accepted participation in the study (response rate 71%). All of the

remaining participants with measurements of maximum and normal

gait speeds and who completed the neuropsychiatric examinations at

baseline were included (n= 467). Sixty participants were excluded due

to Clinical Dementia Rating (CDR) score > 0 at baseline, and 50 were

excluded for not having CDR recorded at any follow-up. Finally, 70 par-

ticipants were excluded due to stroke or a diagnosis of intermittent

claudication at baseline or at any time during follow-up. The resulting

baseline data set consisted of 287 participants (164 men, 123 women)

who were examined at baseline and followed-up in 2005 to 2007 (n =

262), 2009 to2011 (n=160), and2015 to2017 (n=73) (detailed infor-

mation in Table 1). To aid readability the three follow-up periods are

referred to as follow-up 2005, 2009, and 2015 in the remainder of the

article.

2.2 Gait speed assessment

A physiotherapist performed the examination, which included self-

selected (normal) andmaximum gait speeds for 30-meter indoor walks

with a standing start.15 At the 2005 and 2009 follow-ups, a 20-meter

distance was used for measurement, but with identical protocols. In

this study, the 2005 and 2009 measurements have been recalculated

by a factor 1.5 to be comparable to the baseline and 2015 measure-

ments.

2.3 Cognitive assessment

All participants were examined at the Department of Psychiatry Cog-

nition and Old Age Psychiatry, Sahlgrenska University Hospital in

Gothenburg. Experienced psychiatric research nurses performed the

neuropsychiatric examinations, which comprised ratings of psychiatric

symptomsand signs, tests ofmental functioning, including assessments

of episodic memory (short-term, long-term), aphasia, apraxia, agnosia,

executive functioning, and personality changes.16–18 Key informant

interviews were performed by a psychologist or psychiatric research

nurses asdescribedpreviously.16 Basedon thesedata, aCDRscorewas

assigned to each participant. CDR score is the most widely used cog-

nitive outcome in clinical AD dementia trials and shows a good corre-

lation to dementia diagnosis.19–21 CDR is a rating on a 0-5 point scale,

where 0 describes absence of dementia, and each increment on the rat-

ing scale indicatesmore severe symptoms.A rating of 5 signals terminal

disease.

2.4 Apolipoprotein E (APOE) genotyping

The single-nucleotide polymorphisms (SNPs) rs7412 and rs429358 in

APOE (genemap locus 19q13.2) were genotyped using KASP PCR SNP

genotyping system (LGC Genomics, Hoddesdon, Herts, UK). Genotype

data for these two SNPs were used to define ε2, ε3, and ε4 alleles. All

subjects included for analysis whereAPOEwas used as a confounder in

this study were successfully genotyped.

2.5 Biomarker analysis

Participantswere subjected to lumbar punctures in 2009 (n= 30 in the

final sample) and CSF was collected in polypropylene tubes, following

standard clinical protocols, and immediately transported to the labo-

ratory for centrifugation at 1800 g at 20◦C for 10 minutes. The super-

natant was gentlymixed to avoid possible gradient effects, divided into

aliquots in the polypropylene tubes, and stored at−70◦C. CSF Aβ1-42
(Aβ1-42) was measured using a sandwich enzyme-linked immunosor-

bent assay (INNOTEST Aβ1-42) specifically constructed for quantita-

tive determination of Aβ1-42 species.22 Analytic runs had to pass qual-
ity control criteria for the calibrators, and internal quality control

samples had to be approved, as described in detail elsewhere (PMID:

25155658). Subjects with CSF Aβ1-42 levels ≤530 pg/mL were classi-

fied as being Aβ positive in this study.23

2.6 Statistical analysis

Mann-Whitney U tests were used to analyze group differences in gait

speed between subject groups based on longitudinal CDR change and

Aβ positivity. In this context CDR change was defined as unchanged,

minor change (score change = 0.5), or major change (score change ≥

1) as compared to baseline. Logistic regressionwas used to analyze the
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(A)

(B)

F IGURE 1 Local regression lines of normal gait speed as
measured throughout the follow-up period for subjects who remained
at Clinical Dementia Rating (CDR) 0 (blue), or who declined cognitively
as measured by CDR (red). (A) Normal gait speeds were slower for
subjects who cognitively declined at some time during follow-up. (B)
Maximum gait speeds were slower for subjects who cognitively
declined at some time during follow-up

predictive properties of baseline gait speeds on prospective cognitive

change. In this context, CDR change was dichotomized into changed

or unchanged scores as compared to baseline. Analysis of covariance

(ANCOVA) was used to analyze differences in gait speed changes in

relation to the onset of detectable cognitive decline. Logistic regres-

sion was used to analyze associations between amyloid positivity and

gait speed decline. Figures 1 and 3 use local regression trend lines to

illustrate group differences in gait speeds and gait speed changes.

3 RESULTS

3.1 Sample characteristics

Table 1 describes sample characteristics at baseline and at the

follow-up examinations. All participants were cognitively healthy

at baseline (CDR = 0). There were more women than men in the

study population at baseline (57%) and at all follow-ups (61% in

2005, 53% in 2009, and 58% in 2015) (Table 1). Participants who

dropped out of the study, or for other reasons had no subsequent

recording of gait speed, had lower mean gait speeds at baseline (1.6

vs 1.9 m/s maximum speed, P < .001 and 1.2 vs 1.3 m/s normal speed,

P< .001).

3.2 Gait speed and cognitive decline

The participants were divided into two groups, where the first group

comprised subjects who worsened in CDR score at any point during

follow-up, and the second group contained subjects who remained at

CDR 0 throughout the follow-up period. Maximum (Figure 1A) and

normal (Figure 1B) gait speeds for those who worsened in CDR score

were significantly lower at most time points (normal 2000: P = .47,

mean = 23.9 vs 23.0, max 2000 P = .007, mean = 16.5 vs 16.1, normal

2005: P = .033, mean = 27.1 vs 25.0, max 2005 P = .003, mean =

20.0 vs 18.5, normal 2009: P = .012, mean = 29.6 vs 26.9, max 2009

P = .001, mean = 21.9 vs 19.7, normal 2015: P = .20, mean 30.5 vs

26.6, max 2015 P = .01, mean = 22.8 vs 20.8). However, gait speeds

(maximum and normal) decreased significantly from baseline for all

subsequent visits in both the group who worsened in CDR and those

whodid not (P≤ .001 for all comparisons). Thosewho remained at CDR

= 0 decreased on average 8%, 14%, and 14% in normal gait speed for

each subsequent visit as compared to baseline, and 13%, 19%, and 23%

in maximum gait speed. Those who worsened in CDR decreased on

average 12%, 19%, and 22% in normal gait speed for each subsequent

visit as compared to baseline, and 17%, 25%, and 27% inmaximum gait

speed.

3.3 Predictive properties of baseline gait speed
and gait speed change

Unadjusted gait speeds differed at baseline according to future rate of

cognitive decline asmeasured byCDR, but only significantly for normal

gait speed change 2000 to 2005 (H = 7.2, P = .027) and 2000 to 2009

(H=2.4, P= .008) (Figure 2A–C). Unadjustedmaximumgait speeds did

not differ significantly at baseline in relation to CDR changes at follow-

up (Figure 2D–F).

To accommodate for logistic regression the participants were

divided into two groups, where the first group comprised subjects who

worsened in CDR score at any point during follow-up, and the sec-

ond group contained subjects who remained at CDR 0 throughout the

follow-upperiod. Logistic regressionmodels, adjusted for sex, age, back

pain, and walking aid, showed that maximum gait speed at baseline (B

= 0.087, P = .048) and normal gait speed at baseline (B = 0.079, P =

.021) were associated with CDR change from 2000 to 2005. Normal

gait speed, but not maximum gait speed at baseline, was also associ-

ated with CDR change from 2000 to 2009 (B= 0.123, P= .006) as well

as 2000 to 2015 (B= 0.123, P= .027).
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(A) (B)

(C) (D)

(E) (F)

F IGURE 2 (A–C) Normal gait speeds at baseline were slower in subjects who subsequently registered a worsened Clinical Dementia Rating
(CDR) score at follow-up, but with large overlaps, and only significantly at the 2005 and 2009 follow-up. (D–F)Maximum gait speeds at baseline
were slower in subjects who cognitively declined during follow-up, but with large overlaps, and the differences were not statistically significant
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(A)

(B)

F IGURE 3 (A) Local regression trends suggest that normal gait
speeds declined faster in patients whoworsened in Clinical Dementia
Rating (CDR) score, and particularly so in patients who declined
earlier. The 2015 converters show a breaking trend, probably due to
low subject count in this group (n= 15). (B) Local regression trends
suggest that maximum gait speeds also declined faster in patients who
worsened in CDR, and particularly so in patients who declined earlier,
but the differences were smaller than for normal gait speeds

3.4 Gait speed change trajectories and cognitive
decline

Participants were sub classified according to what follow-up visit that

their CDR score first declined. Local regression trend lines of the gait

speed changes in the groups indicate a faster decline in gait speed in

patients who worsened in CDR in 2005 versus later in 2009 or 2015

(Figure 3A and B). When tested for differences in gait speed change

from baseline to each follow-up in an ANCOVA adjusted for sex, age,

back pain, and walking aid, statistically significant differences in nor-

mal gait speed change could be detected between non-converters and

subjects who first registered an increase in CDR in 2009 at the 2009

follow-up (P = .040) and at the 2015 follow-up (P = .018). Significant

differences in maximum gait speed change could be detected between

non-converters and subjects who first registered an increase in CDR in

2009 at the 2009 follow-up (P= .018).

No other differences in gait speed changewere significant.

3.5 Gait speed and CSF biomarkers

A subset of participants (n = 30) had CSF biomarkers measured at the

2009visit. Therewereno statistically significantdifferences in termsof

age, gender, CDR scores, or gait speed between participants who were

subjected to a CSF biomarker assessment and those who were not. All

participants who had their CSF biomarkers measured were sub classi-

fied according to exhibiting Aβ1-42 concentrations at pathologic levels
(Aβ1-42 < 530 ng/L, n = 23) or not (n = 7). The Aβ-positive subjects at
the 2009 visit had lost significantly more normal gait speed than had

the Aβ-negative subjects, both compared to their 2005 visit (U = 22.5,

P= .033) and 2000 visit (U= 13.0, P= .003). There were no significant

differences in changes inmaximumgait speed or nominal gait speeds at

baseline (2000). Therewere no significant differences in future change

in gait speedmeasured at the 2015 visit.

Slowing normal gait speed change from 2000 to 2009 (B = 0.15, P

= .024) together with APOE ε4 positivity (B= 2.75, P= .067) was asso-

ciated with a higher probability of Aβ positivity at the 2009 follow-up

in themost efficient logistic regressionmodel after backward selection

of predictors where sex, age, walking aid, and back pain were excluded

from themodel by the selection process.

4 DISCUSSION

In this longitudinal study we followed cognition and gait speed of

287 community dwelling 70-year-olds over 15 years and found that

slowing gait speed precedes cognitive decline by several years. In this

cohort, slower normal gait speed was found to emerge up to 9 years

before cognitive symptoms detectable by CDR decline, and slowing

gait speedwas associatedwith amyloid positivity at follow-up, suggest-

ing that gait speed might reflect early changes in models of dementia

progression.24

Several previous studies have found links between slowing gait

speed and cognition, and that gait speed changes precede cognitive

decline in the course of preclinical dementia.25–27 The results of this

study were in keeping with these findings, as we found that slower gait

speed was associated with cognitive decline. Longitudinal studies on

gait speed and cognition have indicated that gait speed changes occur

as early as 7 to 12 years before dementia development.7,8 This present

study had one of the longest follow-ups of studies examining gait in

relation to cognition, and could corroborate previous findings of gait

changes preceding changes in the CDR score.28 In this cohort, base-

line normal and maximum gait speed were associated with cognitive

decline 5 years later. In addition, slower normal gait speeds at baseline

were also found for those who subsequently increased in CDR at the

2009 and 2015 follow-ups.
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Few studies have examined the relationship between CSF amyloid

and gait. One study showed an association of gait variability in step

length, time and velocity, and CSF amyloid levels.14 The speed of gait

has to our knowledge not been studied in relation to CSF amyloid. In

our study, a small subset of patients had CSF Aβ1-42 levels measured

at the 2009 follow-up. We found that normal gait speed slowed faster

from baseline until the 2009 follow-up in those who were Aβ positive
in 2009, suggesting a faster motor function decline in subjects with

evidence of cerebral AD pathology. Gait speed decline was also seen

when plotting gait speed changes over the follow-up period in relation

to time of first detected evidence of cognitive deficiency. Subjects who

converted to CDR > 0 at an earlier date declined faster in gait speeds,

particularly normal gait speed. This phenomenon of accelerating gait

speed decline has also been seen in previous studies.7

This study featured the comparison of normal vs maximum gait

speeds. The results indicated that normal gait speedwasmore affected

thanmaximumgait speed in relation to cognitivemeasures in early cog-

nitive decline. This result is in keepingwith the limited literature,where

larger effects on normal than on maximum gait speeds have been seen

in progression from cognitively healthy to subjective cognitive decline.

However, similar effects on both or larger effects onmaximumwalking

speed have been reported at later stages of cognitive decline.26,29

Among the strengths of this study is the long follow-up in the

population-based sample, the comprehensive examinations, and the

fact that neuropsychiatric examinations were identical at the different

examination visits, enabling comparisons of them. However, this study

had several limitations. Although response rates were similar between

visits, the decreasing number of study participants who had their gait

speed tested at each follow-up is a limitation. In addition, thenumber of

participantswithCSFAβ1-42 was small, and the lack of longitudinal CSF

measurements was a limitation. However, performing a lumbar punc-

ture in a population-based cohort of older adults is unique, especially

with a long follow-up period.

In conclusion, this study demonstrated that accelerated gait speed

decline precedes cognitive decline, and indicated that faster gait speed

decline is seen when conversion into detectable cognitive deficiency is

imminent. Accelerated decline in gait speed was also associated with

pathological CSF Aβ42 levels, giving further support to the findings.

These results strengthen the case for using gait speed in concert with

other modalities for early detection of subjects with increased risk of

developing dementia.
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