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Abstract

Objectives

Age-related cognitive decline is a well-known phenomenon after age 65 but little is known
about earlier changes and prior studies are based on relatively small samples. We investi-
gated the impact of age on cognitive decline in the largest population sample to date includ-
ing young to old adults.

Method

Between 100,352 and 468,534 participants aged 38—73 years from UK Biobank completed
at least one of seven self-administered cognitive functioning tests: prospective memory
(PM), pairs matching (Pairs), fluid intelligence (Fl), reaction time (RT), symbol digit substitu-
tion, trail making A and B. Up to 26,005 participants completed at least one of two follow-up
assessments of PM, Pairs, Fl and RT. Multivariable regression models examined the asso-
ciation between age (<45[reference], 45—49, 50-54, 55-59, 60—64, 65+) and cognition
scores at baseline. Mixed models estimated the impact of age on cognitive decline over fol-
low-up (~5.1 years).

Results

FI was higher between ages 50 and 64 and lower at 65+ compared to <45 at baseline. Perfor-
mance on all other baseline tests was lower with older age: with increasing age category, dif-
ference in test scores ranged from 2.5 to 7.8%(P<0.0001). Compared to <45 at baseline, RT
and Pairs performance declined faster across all older age cohorts (3.0 and 1.2% change,
respectively, with increasing age category, P<0.0001). Cross-sectional results yielded 8 to
12-fold higher differences in RT and Pairs with age compared to longitudinal results.

Conclusions

Our findings suggest that declines in cognitive abilities <65 are small. The cross-sectional
differences in cognition scores for middle to older adult years may be due in part to age
cohort effects.
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Introduction

Age is a key risk factor for cognitive performance. Cognitive decline is common in older ages
but recently there has been interest in understanding the age at which significant decline in
cognitive abilities begins. Such knowledge has implications for the design of behavioral or
pharmacological interventions since they are more likely to work if they are applied when, or
even years before, individuals first begin to experience decline [1]. Efforts to date are often
based on cross-sectional studies which may be confounded by ‘cohort effects’ [2, 3]. Longitudi-
nal studies suggest evidence of cognitive decline in middle age but that age trajectories differ
by sex and cognition domain or task [2, 4-7]. The age at peak performance also varies by task
[8] and might be relevant to the age range examined for cognitive decline. Longitudinal data
that span many decades generally report minimal cognitive decline before the age of 65
(reviewed in [2])[9], but such studies are rare and also subject to limitations including small
sample size, selection attrition and retest or practice effects [3]. Hughes et al [7] examined cog-
nitive decline among ~2,500 participants aged 25 to 95 years at recruitment in the Midlife in
the Unites States (MIDUS) study, and all cognitive domains measured showed significant but
small declines over 9 years, with differences in the timing and extent of change. The largest
analysis to-date included a 10 year follow-up of ~7,400 participants aged 45-70 at recruitment
of the Whitehall Study [4]. The design of this study allowed for cross-sectional and longitudi-
nal analysis. For the former analysis, performance on several tests were progressively lower
with older age categories. In longitudinal analyses, there was some evidence of greater decline
at older ages and of a linear trend in decline with increasing age for some of the tests, particu-
larly in men. However, the cross sectional data considerably overestimated cognitive decline
among women but not in men.

UK Biobank is a large population cohort of adults aged 37 to 73 who underwent medical,
sociodemographic, mental health and cognitive assessment in 2006-2010 and are being fol-
lowed up at intervals. The large age-distribution and follow-up enables cross-sectional as well
as longitudinal analysis of age as done by Singh-Manoux et al [4] but for a much larger sample.
In a subsample of the UK Biobank, Hagenaars et al [10] presented simple age trends in stan-
dardized mean cognition scores, but the focus of that report was not age-related cognition,
and it included only a subset of tests and participants at baseline. At the time the current study
was under review, Kievit et al [11] used structural equation modeling to examine age and
declines in fluid intelligence in the UK Biobank and reported a weak but significant association
of cross-sectional age on the mean fluid intelligence score, such that older individuals scored
slightly lower. The current study also leverages this valuable resource to investigate the impact
of age on cognitive decline, as determined by several tests, in the largest population sample to
date.

Materials and methods

Supporting Information (S1 File) provide an expanded description of the UK Biobank which
is summarized below.

Participants

In 2006-2010, the UK Biobank recruited over 502,633 participants aged 37-73 years at 22 cen-
ters across England, Wales and Scotland [12]. Approximately 9.2 million individuals were
invited, and 5.4% provided full informed consent to participate in UK Biobank and completed
a 90 minute assessment that included touchscreen questionnaires on sociodemographic fac-
tors, lifestyle and medical history, an in-person interview and physical assessment (S1 Table).
Data for the current analysis was downloaded in 2017. This study was covered by the generic
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ethical approval for UK Biobank studies from the National Research Ethics Service Committee
North West-Haydock (approval letter dated 17th June 2011, Ref 11/NW/0382), and all study
procedures were performed in accordance with the World Medical Association Declaration of
Helsinki ethical principles for medical research.

Measures and procedures

Cognitive function testing [13]. At the assessment center, cognitive functioning was
assessed using a 15-min self-administered computerized battery which was developed specifi-
cally for the UK Biobank study to enable population-scale cognitive testing that could be
administered without researcher supervision [12]. In 2014, participants were invited to com-
plete on-line tests at home. A detailed description of all tests are provided on-line [14, 15] and
in S1 File. Brief descriptions are provided below.

Prospective Memory (PM) Test: This test was added part-way through the baseline assess-
ment period and completed at the assessment centers. Participants were given the following
instructions: ‘At the end of the games we will show you four colored symbols and ask you to
touch the blue square. However, to test your memory, we want you to actually touch the
Orange Circle instead’. PM refers to the ability to carry out future intentions at a specific time
or in response to a specific event [16, 17]. Participants were scored as zero or one, depending
on whether they completed the task on first attempt or not.

Pairs Matching (Pairs) Test: This episodic visual memory test was completed at the assess-
ment centers. Participants were shown 6 pairs of cards for 5 seconds, which were then turned
over. Participants were instructed to select, from recall and in the fewest number of attempts,
the pairs of cards that had matching symbols. The total number of errors made during this
task until the six pairs of identical cards were touched consecutively was recorded. We
restricted our analyses to individuals who finished the test and log (+1) transformed the
number of errors for the analysis. During the pilot phase of the UK Biobank, a subset of par-
ticipants completed this test twice in immediate succession and the intraclass correlation was
0.17 [18].

Fluid Intelligence (FI) Test: This test, also referred to as the verbal-numerical reasoning test,
was added part-way through the baseline assessment period and completed at the assessment
centers. Participants were presented with 13 verbal logic/reasoning-type multiple choice ques-
tions and had to answer as many as they could within 2 minutes. Incorrect or unattempted
questions were scored as zero. The total number of correct answers (max 13) was used for our
analysis. The Cronbach alpha coefficient for these items has been reported elsewhere as 0.62
[10].

Reaction Time (RT) Test: For this measure of simple processing speed, participants com-
pleted a timed test of symbol matching at the assessment centers. Participants were shown one
pair of cards out of a set of 12 pairs. If both cards displayed a matching symbol, participants
pressed a response button as quickly as possible. The score on this task was the mean response
time in milliseconds (ms) across 4 trials which contained matching pairs. Potential outliers
(n =2751) were truncated to 100 (min) or 1000 (max) ms. Cronbach’s alpha for this task has
previously been reported as 0.85 [10].

Symbol Digit Substitution (SDS) Test: This test for complex processing speed was completed
at follow-up (~2014) on home computers and involves matching numbers to a set of symbols.
We used the number of correct substitutions for our analyses. Potential outliers (n = 236) were
truncated to 1 (min) or 40 (max) correct substitutions.

Trail Making Test A and B: These visual attention tests provide information on visual
search, scanning, speed of processing, mental flexibility, and executive functions and were
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completed at follow-up on home computers (~2014). Participants were asked to connect
scattered circles containing a sequence of numbers (Trail A) and then to connect circles
containing numbers or letters by alternating between them in ascending sequence (Trail B).
We used the time taken to complete these tests for our analyses, and these data were log-
transformed.

Subsets of participants completing the baseline visit returned to the assessment centers for
up to two follow-up assessments. The first follow-up took place 2012-13 and included 20,346
participants, all living within 35 km of the Stockport Biobank coordinating center. The same
region is currently being targeted for a second follow-up which began in 2014 and also involves
an imaging component. At the time of the current study, data from 11,923 participants was
available. At follow-up visits participants were invited to repeat the PM, FI, Pairs and RT tests.
Longitudinal analysis for the current study were restricted to individuals completing the base-
line tests and at least one follow-up test.

Because some cognitive tasks were added at different stages of baseline assessment or not
until 2014 the number of participants varies across tests (S2 Table). Participants were also
invited to complete the FI and Pairs tests on home computers but mean performance for these
tests were considerably lower than those completed at the assessment center which warranted
concern and thus were not included for the current analysis.

Other covariates. Information on several covariates functioning as potential confounders
were also collected during the UK Biobank assessment as described in detail previously [12,
19]. For the current analysis we considered baseline smoking status, Townsend deprivation
index, education, income, alcohol intake, physical activity, ethnicity, and employment status.
APOE carriers(e4+) and non-carriers(e4-) were defined using genotyped or imputed geno-
types for SNPs rs429358 and rs7412 as described in detail elsewhere [20]. Sample outliers
based on heterozygosity and missingness were excluded, as were participants with sex discrep-
ancies between self-reported and inferred sex (using X-chromosome heterozygosity). We lim-
ited the genetic analysis to unrelated and, in sensitivity analysis, further to individuals who
self-report as “British” and who have very similar ancestral backgrounds based on results of
principal component analysis.

Analyses

A total of 496,042 participants completed at least one of the cognitive function tests at baseline
(S2 Table provides sample sizes per test). We excluded 22,419 who self-reported neurological
disease at baseline or follow-up that could directly affect cognitive function [18]. The remain-
ing 473,623 for the current analysis were of 38 to 73 years of age, which we categorized into ~5
year age groups: <45, 45-49, 50-54, 55-59, 60-64, and 65+.

We first examined the cross sectional associations between age (6 categories) and each of
the cognitive tests at baseline using linear or logistic (PM only) regression adjusting for sex. In
multivariable regressions we adjusted for sex, baseline smoking (never, past, current), Town-
send index (quartiles), education (university/college degree or less), income (4 levels), alcohol
intake (quartiles of servings/week), physical activity (quartiles of moderate/vigorous activity
minutes/week), ethnicity (white or non-white) and employment status (employed, retired,
other). Age was initially modeled categorically to capture potentially complicated (i.e. non-lin-
ear) relationships between age and cognitive decline and also to allow comparison of results
with previous studies. However, a linear test for trend was also used to assess whether cognitive
scores were progressively lower or higher with increasing age. The <45 age group was chosen
as the reference since we hypothesized that this group presents with peak cognitive ability
which in turn declines with increasing age [8].
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Subsets of the cross-sectional sample returned to the centers for at least one of the two fol-
low-up assessments for FI (N = 7,430), Pairs (N = 25,371), RT (N = 25,739) and PM (N =
7,605) tests (see S3 Table for sample sizes per follow-up). The mean (range) follow-up time
from the first assessment was 4.5 (2.1-6.1) years to the second assessment and 6.8 (3.8-9.8)
years to the third assessment, with shorter intervals for tests introduced part way through
recruitment (S4 Table). For FI, Pairs and RT, linear mixed models with random intercept and
time (slope) were used to estimate cognitive decline over follow-up [21]. The first model
included time between baseline and assessment as the timescale (years) along with age (6
groups), sex, baseline cognition test score and their interactions with time. The timexage inter-
action term allows the calculation of the yearly rate of decline by age group with reference to
the <45 age group. To assess whether the decline increased or decreased with age we entered
the categories of age as a continuous variable in the model. Multivariable models included var-
iables (and their interaction with time) used for cross-sectional analysis but further included
measures of potential practice effects: the number of follow-up cognitive function tests com-
pleted at the center (1 or 2) and whether participants completed an on-line cognitive function
test prior to the second follow-up (applicable to FI and Pairs tests only). Similar results were
observed when excluding the latter. For longitudinal analysis of PM (a binary test score) we
employed equivalent crude and multivariable models described for continuous tests but using
generalized estimating equations. Associations with P values < 0.007 (0.05/7 cognition tests)
were considered statistically significant.

To allow comparison across cognitive tests, which differ in score range, we also express
cognitive difference (cross-sectional) or change (longitudinal) in terms of percentage differ-
ence/change as a function of the range of each test (yearly rate of change/range of testx100)
[4]. For log transformed test scores (Pairs and Trail tests), percentage change is the exponen-
tiated beta coefficients (exp(B)-1) x100). We also performed analysis stratified by sex, educa-
tion, baseline cognition test performance, and APOE status and tested for interactions by
including cross-products of sex-, education-, baseline- and genotype-age in multivariable
regression models.

We investigated attrition and practice effects in the longitudinal analysis of FI and PM tests
using a similar approach as that described by Schaie [22] and Ronnlund et al [2], leveraging a
new sample (N < 14,460) from the target population that did not complete baseline year cog-
nitive tests (i.e. excluded from our primary analysis) but completed the first follow-up (when
baseline completers were re-tested)(see S1 File).

Results
Cross-sectional analysis

Descriptive statistics across age categories for participants completing at least one of the cogni-
tive function tests at baseline are presented in Table 1. Older individuals were more likely to be
current smokers and retired and to have lower income and educational achievement. In multi-
variable analysis (Table 2, Fig 1), FI scores were higher between ages 55 and 64 and lower at
65+ compared to age <45 (P<0.0001). The number of errors made on the Pairs and SDS tests
were increasingly higher with older age groups (P<0.0001). RT and time taken to complete
either Trail test were also increasingly higher with older age (P<0.0001). The odds of complet-
ing the PM test correctly on the first attempt was lower with older age (P<0.0001).

Opverall, men performed better than women on the FI, RT, Pairs, and Trail tests after multi-
variable adjustment (P<0.0001). Women performed better than men on the SDS test
(P<0.0001). Sexxage interactions were observed for FI, RT, Pairs, and SDS tests (P<0.0001, S5
Table). Most notable is the lower FI scores for the 65+ age cohort compared to the <45 age
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Table 1. Baseline characteristics of study population®.

Characteristic Age categories
<45 45-49 50-54 55-59 60-64 65+
(n =49,586) (n =63, 062) (n=172,472) (n = 85,636) (n=114,183) (n = 88,684)

Mean (SD) age, years 42.3(1.3) 47.1(1.4) 52.1(1.4) 57.1(1.4) 61.9 (1.4) 66.9 (1.5)
Female 26703 (53.9) 35199 (55.8) 41252 (56.9) 48055 (56.1) 62550 (54.8) 45394 (51.2)
White 44174 (89.1) 57344 (90.9) 67391 (93.0) 81423 (95.1) 110497 (96.8) 85719 (96.7)
Current smoking 7371 (14.9) 8496 (13.5) 8760 (12.1) | 8960 (10.5) 10431 (9.1) 6980 (7.9)
Income

<18,000 5761 (11.6) 7259 (11.5) 8698 (12.0) | 12879(15.0) | 26818(23.5) | 28297(31.9)

18,000-30,999 8095 (16.3) | 10368 (16.4) | 12684(17.5) | 17772(20.8) | 29992(26.3) | 23955(27.0)

31,000-51,999 13956 (28.2) 17207 (27.3) 19234(26.5) 21485(25.1) 22689(19.9) 12130(13.7)

52,000-100,000 13289 (26.8) 17056 (27.1) 18687(25.8) 17837(20.8) 12166(10.7) 4669(5.3)

’100,000+ 3764 (7.6) 4857 (7.7) 5218(7.2) 4426(5.2) 2958(2.6) 1065(1.2)

will not answer, missing 4721 (9.5) 6315 (10.0) 7951(11.0) 11237(13.1) 19560(17.1) 18568(20.9)
Education, level 4+ 34366 (69.3) 42471(67.4) 47811(66.0) 54006(63.1) 63085(55.3) 42024(47.4)
Employment status

currently employed 43259 (87.2) | 55259 (87.6) | 61223 (84.5) | 61152 (71.4) | 43500 (38.1) | 11459 (12.9)

retired 70 (0.1) 302 (0.5) 2343 (3.2) 13066 (15.3) 63763 (55.8) 75789 (85.5)

other/not reported 6257 (12.6) 7501 (11.9) 8906 (12.3) | 11418 (13.3) 6920 (6.1) 1436 (1.6)
Mean (SD) Townsend deprivation score -0.7 (3.3) -1.0(3.2) -1.2(3.1) -1.4 (3.0) -1.6 (2.9) -1.6 (2.9)
Mean (SD) moderate to vigorous physical activity minutes/week 76.5 (96.2) 74.3 (96.0) 71.3 (94.8) 71.2 (95.6) 77.5(97.2) 80.3 (97.5)
Mean (SD) alcohol drinks/week 1.1 (1.4) 1.2(1.4) 1.2 (1.5) 1.2(1.4) 1.2 (1.4) 1.1 (1.4)
Apoe 4 carriers 11631 (28.5) | 15158 (29.1) | 16989 (28.5) | 19624 (28.2) | 26217(282) | 20109 (28.2)

Cross-sectional study population. Data drawn from 2006-10. Values are numbers (percentages) unless stated otherwise. All characteristic values are significantly
different across age-categories (P<0.0001 for all but Apoe: P = 0.002).

https://doi.org/10.1371/journal.pone.0213948.t001

cohort among men (f = -0.32, 2.4% difference) than among women (B = -0.08, 0.64% differ-
ence) according to multivariable models only.

Participants with higher educational attainment performed better than those with lower
attainment for all examined tests (P<0.0001). APOE €4 non-carriers performed significantly
better than APOE &4 carriers on the Pairs (P<0.0001), SDS (P<0.0001), Trail A (P<0.0001)
and Trail B (P<0.0001) tests. Educationxage interactions were observed for Trail B
(P<0.0001) and PM (P<0.0001) tests (S6 Table), while significant APOE xage interactions
were observed for RT (P = 0.001) and SDS (P<0.0001) (S7 Table). Interpretations of these
interactions were nevertheless unclear when reviewing stratified results and so they may be
chance findings, have limited clinical significance or warrant further investigation.

Longitudinal analysis

Up to 26,005 participants returned for at least one follow-up assessment of FI, Pairs, RT and
PM tests. These, but Overall, these participants were more likely white, male, nonsmokers,
employed with lower Townsend deprivation indices and reporting higher income, higher edu-
cational attainment and lower alcohol consumption compared to those with no follow-up
assessments (P<0.0001). However, these participants presented with similar cross-age charac-
teristics (S8 Table) as those of the full sample (Table 1) and associations between age and
cognitive function tests at baseline (S9 Table) were also similar to those of the full sample
(Table 2). Mean performance on the FI, Pairs, and PM tests generally improved at the first fol-
low-up (~4 years) across age groups, suggesting ‘practice effects’ for these tests. Some UK
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Table 2. Cross-sectional associations between age and cognitive function tests measured at baseline (2006-10).

Mean (SD) Score Model 1* Model 2°
B (95% CI) P value B (95% CI) P value

“Fluid Intelligence (n = 158,673)
<45 6.02 (2.24) Reference Reference
45-49 5.99 (2.21) -0.02 (-0.07,0.02) 0.29 -0.05 (-0.09,-0.01) 0.01
50-54 6.10 (2.20) 0.08 (0.04,0.13) 0.0001 0.05 (0.01,0.09) 0.01
55-59 6.22 (2.18) 0.20 (0.16,0.24) <.0001 0.19 (0.16,0.23) <.0001
60-64 6.04 (2.12) 0.02 (-0.02,0.06) 0.41 0.11 (0.07,0.15) <.0001
65+ 5.65 (2.03) -0.38 (-0.42,-0.34) <.0001 -0.19 (-0.23,-0.14) <.0001
Trend -0.06 (-0.06,-0.05) <.0001 0.002 (-0.01,0.01) 0.64
4Pairs Matching (n = 461,393)
<45 1.30 (0.63) Reference Reference
45-49 1.37 (0.63) 0.07 (0.06,0.08) <.0001 0.07 (0.06,0.08) <.0001
50-54 1.42 (0.63) 0.12 (0.12,0.13) <.0001 0.13 (0.12,0.13) <.0001
55-59 1.46 (0.62) 0.16 (0.16,0.18) <.0001 0.17 (0.16,0.17) <.0001
60-64 1.53 (0.62) 0.23 (0.22,0.23) <.0001 0.22 (0.22,0.23) <.0001
65+ 1.62 (0.61) 0.32(0.32,0.33) <.0001 0.31 (0.30,0.32) <.0001
Trend 0.06 (0.06,0.06) <.0001 0.06 (0.06,0.06) <.0001
9Reaction Time (n = 468,534)
<45 502.7 (91.3) Reference Reference
45-49 520.1 (96.4) 17.0 (15.8,18.3) <.0001 17.9 (16.7,19.1) <.0001
50-54 538.2 (100.6) 34.9 (33.7,36.1) <.0001 35.9 (34.7,37.1) <.0001
55-59 555.7 (104.5) 52.6 (51.5,53.8) <.0001 52.4 (51.3,53.6) <.0001
60-64 576.8 (109.6) 73.9 (72.8,75.0) <.0001 71.0 (69.8,72.3) <.0001
65+ 599.0 (115.5) 96.8 (95.6,97.9) <.0001 90.8 (89.4,92.2) <.0001
Trend 19.4 (19.2,19.6) <.0001 17.9(17.7,18.2) <.0001
deTrail A (n = 100,354)
<45 3.44 (0.31) Reference Reference
45-49 3.50 (0.31) 0.06 (0.05,0.07) <.0001 0.06 (0.05,0.07) <.0001
50-54 3.55(0.31) 0.10 (0.10,0.11) <.0001 0.11 (0.10,0.11) <.0001
55-59 3.61 (0.31) 0.17 (0.16,0.18) <.0001 0.17 (0.16,0.17) <.0001
60-64 3.68 (0.31) 0.24 (0.23,0.25) <.0001 0.22 (0.22,0.23) <.0001
65+ 3.77 (0.32) 0.34 (0.33,0.34) <.0001 0.31 (0.30,0.32) <.0001
Trend 0.07 (0.06,0.07) <.0001 0.06 (0.06,0.06) <.0001
4*Trail B (n = 100,352)
<45 3.94 (0.31) Reference Reference
45-49 4.00 (0.30) 0.06 (0.05,0.07) <.0001 0.06 (0.05,0.07) <.0001
50-54 4.06 (0.31) 0.12 (0.11,0.13) <.0001 0.12 (0.12,0.13) <.0001
55-59 4.14 (0.31) 0.20 (0.19,0.21) <.0001 0.20 (0.19,0.20) <.0001
60-64 423 (0.32) 0.30 (0.29,0.31) <.0001 0.28 (0.27,0.29) <.0001
65+ 4.35(0.33) 0.41 (0.40,0.42) <.0001 0.39 (0.38,0.40) <.0001
Trend 0.08 (0.08,0.08) <.0001 0.07 (0.07,0.08) <.0001
“Symbol Digit Substitution (n = 114,152)
<45 23.4 (4.9) Reference Reference
45-49 22.2(4.7) -1.2(-1.3,-1.1) <.0001 -1.2(-1.3,-1.1) <.0001
50-54 21.1(4.7) -2.3(-2.4,-2.3) <.0001 -2.3(-2.4,-2.2) <.0001
55-59 19.8 (4.7) -3.6 (-3.7,-3.5) <.0001 -3.6 (-3.7,-3.4) <.0001
60-64 18.2 (4.6) -5.2 (-5.3,-5.1) <.0001 -4.9 (-5.1,-4.8) <.0001

(Continued)
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Table 2. (Continued)

Mean (SD) Score Model 1* Model 2°
B (95% CI) P value B (95% CI) P value

65+ 16.1 (4.8) -7.3(-7.4,-7.1) <.0001 -6.9 (-7.0,-6.8) <.0001
Trend -1.4(-1.4,-1.4) <.0001 -1.3(-1.3,-1.3) <.0001
“Prospective Memory Test (n = 164,092)

% correct OR (95% CI) Pvalue OR (95% CI) Pvalue
<45 81.3 Reference Reference
45-49 81.1 0.99 (0.94, 1.04) 0.63 0.96 (0.91, 1.01) 0.12
50-54 79.5 0.90 (0.85, 0.94) <.0001 0.86 (0.81, 0.90) <.0001
55-59 78.9 0.86 (0.82, 0.90) <.0001 0.82 (0.78, 0.87) <.0001
60-64 75.6 0.71 (0.68, 0.74) <.0001 0.69 (0.66, 0.73) <.0001
65+ 68.9 0.51 (0.49, 0.53) <.0001 0.51 (0.49, 0.54) <.0001
Trend 0.87 (0.86, 0.88) <.0001 0.89 (0.88, 0.89) <.0001

*Model 1: adjusted for sex

PModel 2: adjusted for sex, smoking, Townsend deprivation index, education, income, alcohol intake, physical activity, ethnicity, and employment status.
“Negative beta-coefficients for FI and SDS and OR <1 for PM correspond to lower performance compared to <45.

dpositive beta-coefficients for Pairs, RT, Trail A and Trail B correspond to lower performance compared to <45.

“Pairs Matching and Trail test scores were log transformed prior to analysis

https://doi.org/10.1371/journal.pone.0213948.t002

participants did not complete the first follow-up (~4 years) but returned for the second follow-
up (~6 years). Because the mean scores were lower than baseline for these participants, practice
effects were likely considerably weaker than that observed for the first follow-up. Table 3 and
Fig 1 present results of the longitudinal analysis over an average follow-up time of 5.1 years. In
multivariable analysis, FI decreased over follow-up among participants 65+ at baseline com-
pared to those <45 years at baseline (Model 1, P = 0.002), but was no longer statistically signifi-
cant in multivariable analysis once accounting for multiple testing (Model 2, P = 0.02). No
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Age (years)
<45 (reference) 45-49 50-54 ®W55-59 mW60-64 mW65+

Fig 1. Percentage difference/change in cognition scores with age based on cross-sectional (difference) and
longitudinal (change) analysis. To allow comparison across cognitive tests, cognitive difference (cross-sectional) or
change (longitudinal) are expressed as a percentage difference/change as a function of the range of each test (See
Analyses). Negative % difference/change in FI and SDS represents a lower/decline in performance. Positive %
difference/change in Pairs, RT, Trail A and Trail B represents a lower/decline in performance. With increasing age
category, Pairs, RT, Trail A, Trail B and SDS significantly changed by 5.9, 2.6, 6.0, 7.8 and 3.4% according to cross-
sectional analysis. With increasing age category, Pairs, and RT significantly declined by 1.2 and 3.0% according to
longitudinal analysis.

https://doi.org/10.1371/journal.pone.0213948.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0213948 March 18,2019 8/16


https://doi.org/10.1371/journal.pone.0213948.t002
https://doi.org/10.1371/journal.pone.0213948.g001
https://doi.org/10.1371/journal.pone.0213948

® PLOS|ON

E

Age and cognitive decline

Table 3. Longitudinal analysis of age and cognitive change.

Model 1* Model 2°
B (95% CI) P value B (95% CI) Pvalue

“Fluid Intelligence (n = 7430, 4430, 3813)
<45 Reference Reference
45-49 0.009 (-0.03,0.04) 0.63 0.005 (-0.03,0.04) 0.79
50-54 0.01 (-0.02,0.05) 0.41 0.01 (-0.02,0.04) 0.57
55-59 -0.003 (-0.04,0.03) 0.85 -0.01 (-0.04,0.02) 0.60
60-64 -0.03 (-0.06,0.004) 0.08 -0.02 (-0.06,0.01) 0.18
65+ -0.05 (-0.09,-0.02) 0.002 -0.05 (-0.09,-0.01) 0.02
Trend -0.01 (-0.02,-0.01) <.0001 -0.01 (-0.02,-0.003) 0.006
dePairs Matching (n = 25371, 18293, 10417)
<45 Reference Reference
45-49 0.01 (-0.0005,0.01) 0.07 0.01 (-0.0001,0.01) 0.05
50-54 0.01 (0.01,0.02) <.0001 0.01 (0.01,0.02) <.0001
55-59 0.02 (0.01,0.02) <.0001 0.02 (0.01,0.02) <.0001
60-64 0.03 (0.02,0.03) <.0001 0.02 (0.02,0.03) <.0001
65+ 0.04 (0.03,0.05) <.0001 0.04 (0.03,0.05) <.0001
Trend 0.01 (0.01,0.01) <.0001 0.01 (0.01,0.01) <.0001
9Reaction Time (n = 25,739, 18399, 10749)
<45 Reference Reference
45-49 1.29 (0.40,2.18) 0.004 1.38 (0.49,2.27) 0.002
50-54 3.22(2.37,4.08) <.0001 3.30 (2.44,4.16) <.0001
55-59 4.48 (3.67,5.30) <.0001 4.46 (3.63,5.29) <.0001
60-64 6.33 (5.53,7.14) <.0001 6.20 (5.31,7.09) <.0001
65+ 7.68 (6.77,8.59) <.0001 7.46 (6.41,8.51) <.0001
Trend 1.52(1.43,1.72) <.0001 1.58 (1.34,1.70) <.0001
“Prospective Memory Test (n = 7605, 4463, 3979)

OR (95% CI) Pvalue OR (95% CI) P value
<45 Reference Reference
45-49 1.01 (0.90, 1.14) 0.94 0.99 (0.88, 1.12) 0.79
50-54 0.95 (0.86, 1.06) 0.38 0.92 (0.82, 1.03) 0.13
55-59 1.01 (0.91, 1.12) 0.92 0.97 (0.87, 1.08) 0.52
60-64 0.94 (0.85, 1.04) 0.27 0.92 (0.82, 1.03) 0.14
65+ 0.90 (0.81, 1.00) 0.05 0.88 (0.77, 0.99) 0.04
Trend 0.98 (0.96, 1.00) 0.03 0.98 (0.96, 1.00) 0.06

Note: Shown are results from linear mixed models with random intercept and time (slope):

*Model 1: included time, age, sex, baseline test score, and all possible interactions with time. The timexage interaction term allows the calculation of the yearly rate of

decline by age group with reference to the <45 age group.

YModel 2: included time, age, sex, baseline test score, smoking, Townsend deprivation index, education, income, alcohol intake, physical activity, ethnicity, employment

status, number of follow-up cognitive function tests completed, whether participants completed an on-line cognitive function test prior to the second follow-up

(applicable to fluid intelligence and pairs matching tests only), and all possible interactions with time. The timexage interaction term allows the calculation of the yearly

rate of decline by age group with reference to the <45 age group.

“Negative beta-coefficients for FI and OR <1 for PM correspond to declines in performance compared to <45. Sample sizes (n) correspond to baseline, first and second

follow-up, respectively.

dpositive beta-coefficients for Pairs and RT correspond to declines in performance compared to <45. Sample sizes (n) correspond to baseline, first and second follow-

up, respectively.

“Pairs matching scores were log transformed prior to analysis.

https:/doi.org/10.1371/journal.pone.0213948.t003
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significant declines were observed for participants aged 45-64 at baseline. RT and Pairs test
scores worsened over the follow-up across the older age cohorts compared to the <45 age
cohort (P<0.0001 for trends). For these two tests, trend tests for age-related declines in perfor-
mance remained nominally significant when restricting analysis to participants <50 years at
baseline and treating age as a continuous variable (P<0.05). There was no evidence that age
impacted declines in PM test performance (Table 3). When comparing results from longitudi-
nal and cross-sectional analysis (Fig 1), the latter yielded 10 to 12-fold higher changes in RT
with age and 8 to 10-fold higher changes in Pairs with age.

The impact of age on FI, RT and Pairs tests were similar when analyses were performed sep-
arately for men and women (S10 Table), for lower and higher educational attainment (S11
Table), and for APOE €4 carriers and non-carriers (S12 Table). Significant interactions with
baseline score performance were observed for age-specific declines in Pairs (P<0.0001) and
RT (P =0.002) test performance (S13 Table). Although significant declines were observed in
both strata for Pairs and RT, greater declines with age were observed among those with an ini-
tially low baseline test score.

We examined attrition and practice effects on FI and PM by comparing the characteristics
and mean-level performance in the group of returnees with that of a previously untested group
of participants (S1 File). We estimated that practice effects inflated FI and PM scores by up to
~10% and 18%, respectively, and that inflations were greater for older age cohorts.

Discussion

In the current study of a large cohort of individuals aged 38 to 73 at baseline, we observed sig-
nificantly lower performance on memory, attention and processing tasks across successive age
groups. Reasoning scores, based on the fluid intelligence test, were higher with successive age
group until 60, then dropped to less than that of under 45 year olds. Longitudinal analysis of a
subset of individuals with repeated measures of four tests showed linear declines in visual
memory and processing speed tasks with age but of a much lesser degree than those observed
in cross-sectional analyses. Decline rates in reasoning and prospective memory did not signifi-
cantly differ with age. Taken together, our findings suggest that decline in cognitive abilities
before age 65 is evident but small, and that observed cross-sectional differences in cognition
from middle to older adult years may be due largely to age cohort effects.

The age at which cognitive decline occurs at the population level has been subject to debate.
Estimates from cross-sectional studies reflect the effects of biological ageing but also cohort
effects [2]. In the UK Biobank we observed marked differences in educational attainment
between the youngest and oldest age groups. Income and employment status were also differ-
ent but anticipated given life-stage of data collection. Accounting for education and measures
of socioeconomic status influenced cross-age cohort differences, particularly those for FI, but
not enough to narrow the differences in results from longitudinal analysis. Other factors or
more detailed data on education and socioeconomic status likely contribute to the large age-
cohort differences observed in the UK Biobank.

While longitudinal data are often considered superior to cross-sectional for characterizing
decline in cognitive abilities, they may underestimate the effect of age because of selective sam-
ple retention (or attrition) and practice effects [2, 22-24]. Indeed, we observed evidence of
both factors in the UK Biobank. The subset of participants undergoing repeat assessments pre-
sented with a different and potentially favorable risk factor profile to those providing only
baseline measures. While some argue that samples in longitudinal studies are likely to be posi-
tively biased (i.e. presenting with less decline) in comparison with the samples in cross-sec-
tional studies, it does not necessarily follow that this would lead to different patterns of age
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relations unless there is a relationship between the initial level of functioning and the rate of
change [3]. In the current study, stratifying on educational attainment did not impact age-dif-
ferences in baseline cognitive scores or in cognitive decline rates. Age-specific differences in
declines for RT and Pairs test performance were observed when considering initial baseline
scores; greater declines with age were observed among those with an initially low baseline test
score. These findings contrast with those of other, but much smaller, studies which suggest
that the age trends in cognitive functioning are parallel across different initial levels [3, 25-29].

Practice effects are defined as improvement on cognitive test performance resulting from
learning during repeated testing. The magnitude of these practice effects may be modulated by
the length of the test-retest interval; with shorter intervals yielding greater practice effects than
longer intervals 3, 30-33]. In the UK Biobank, mean performance on tests generally improved
at each follow-up, particularly the first, across age groups. The older age groups, nevertheless,
appeared to benefit more from repeated testing (S1 File). This may be due to the low initial
performance enabling potential for greater improvement compared to the higher initial scores
of younger participants. This pattern might also reflect test score limitations at the top of the
scale (i.e. ceiling effects).

In the current study we observed a non-linear relationship between age and FI in cross-sec-
tional analysis and a similar but non-significant pattern in longitudinal analysis. Similar obser-
vations were reported by Kievet et al [11] who examined only FI in the UK Biobank and using
structural equation modeling; results made available while the current study was under-review.
Fluid ability is involved in processing novel information efficiently and with increased flexibil-
ity [5, 34, 35]. Smaller cross-sectional [8, 36] and longitudinal studies [5, 37, 38] have shown
that advancing age is associated with a marked decrease in FI performance. Crystallized abili-
ties rely on over-learned cognitive skills or accumulated knowledge and remain preserved or
even improve with age in the cognitively intact [39]. Scores for FI also peak early in adulthood
whereas scores for crystallized intelligence peak latter; middle age [8, 40-43]. The pattern of
results we observed with FI would better align with those reported for crystallized intelligence.
Previous UK Biobank investigators have also preferred the test label ‘verbal-numerical reason-
ing’ as opposed to the UK Biobank’s label ‘fluid intelligence” since performance on some items
(i.e. “which number is the largest”, “age is to years as height is to?”, “relaxed means the oppo-
site of?”) more likely rely on crystallized knowledge” [10, 18, 44-50].

Human and animal studies demonstrate sex differences in cognitive function in adulthood
and ageing [6, 51, 52]. For example, on average, men perform better on spatial tasks, and
women on verbal tasks [51]. Much of this literature is based on interviewer-based testing
whereas tests administered in the UK Biobank were self-administered computer-based and,
with the exception of a few fluid intelligence items, captured largely non-verbal tasks. The gen-
erally better performance of men over women in the UK Biobank is nevertheless consistent
with previous research. However, for fluid intelligence we observed a greater difference in
scores with increasing age among men compared to women and only when accounting for
confounders. This sexxage interaction was not apparent in longitudinal analysis and further
emphasizes that differences between sexes in cognitive decline are likely due to cohort differ-
ences in social factors rather than biological differences.

Most longitudinal studies covering a wide age range (~20 to 90 years) have had sample sizes
less than 2000 but also generally report minimal cognitive decline before the age of 65
(reviewed in [2])[9]. Lundervold et al [9] recently reported a linear age-related decline via
cross-sectional and longitudinal analysis with a lower change in the latter but included only
163 participants. Hughes et al [7] examined cognitive decline among ~2,500 participants aged
25 to 95 years at recruitment in the MIDUS study. Multiple cognitive domains were measured
by a brief telephone battery and all showed significant but small declines over 9 years, with
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differences in the timing and extent of change. Processing speed showed the earliest and stee-
pest declines [7]. Our findings generally align with those of a 10 year follow-up of ~7,400 par-
ticipants aged 45-70 at recruitment of the Whitehall Study [4]. Performance on tests of
memory, reasoning and phonemic and semantic fluency were progressively lower with older
age categories. In longitudinal analyses, there was some evidence of greater decline at older
ages and of a linear trend in decline with increasing age for some of the tests, particularly in
men. However, the cross sectional data considerably overestimated cognitive decline among
women but not in men, which the authors attributed to cohort differences in education.

The large sample size, age distribution, recency and availability of information on potential
confounders are key strengths of the current study. However, a number of limitations should
be considered when interpreting the results. The approach to data capture in the UK Biobank
aimed to optimize the accuracy and completeness of the data collected, while also maximizing
the efficiency of the process. To this end, brief tests of cognition that can be self-administered,
are easily repeatable, and have associations with future cognitive decline were selected [53, 54]
and further developed in the UK Biobank. Few tests were administered for different cognitive
function domains and the tests employed are thus brief, non-standardized and lack external
validation. Similarly, whether tests present with floor or ceiling effects has also not been vetted,
and should they exist, may vary with age. The testing environment could not be fully standard-
ized due to the self-administrative nature of these tests, particularly those completed at home.
Baseline covariates for the web-administered cognitive tests were not collected at the same
time as the tests. Taken together, measurement error contributing to type 2 error may be of
concern as well as an incomplete representation of cognition. FI and PM tests were adminis-
tered part way through recruitment and were only used in ten of the recruiting sites. Although
power-loss attributable to imprecise measures of cognition may have been compensated for by
the large sample size, it is unknown whether measurement error was random or, for example,
varied by age or time of recruitment. The UK Biobank is also not representative of the sam-
pling population, with evidence of a ‘healthy volunteer’ selection bias [55] and thus extrapola-
tion of our findings to a more general population is limited. Indeed, this bias was especially
evident in the current longitudinal study as demonstrated by characteristic differences
between the larger baseline sample and follow-up sample as well as our attrition analysis.

In summary, our findings suggest that declines in cognitive abilities between the end of the
fourth decade and age 65 are small. Because the pathophysiological process of dementia may
begin years before clinical symptoms [1], the effectiveness of early intervention efforts aiming
to treat or delay cognitive decline might only be clinically realized upon older age. Evidence of
improving social factors for earlier generations may protect younger individuals from prema-
ture cognitive decline.
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