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Objective: Establishing affordable lifestyle interventions that might preserve cogni-

tive function in the aging population and subsequent generations is a growing area of

research focus. Data from the PROTECT study has been utilised to examine whether

number‐puzzle use is related to cognitive function in older adults.

Methods: Data from 19 078 healthy volunteers aged 50 to 93 years old enrolled on

the online PROTECT study were evaluated for self‐reported frequency of performing

number puzzles. Two cognitive‐test batteries were employed to assess core aspects

of cognitive function including reasoning, focussed and sustained attention, informa-

tion processing, executive function, working memory, and episodic memory. Analysis

of covariance was used to establish the differences between the six frequency

groups.

Results: Highly statistically significant main effects of the frequency of performing

number puzzles were seen on all 14 cognitive measures, with P values of less than

0.0004. Interestingly, participants who reported engaging in number puzzles more

than once a day had superior cognitive performance on 10 core measures compared

with all other frequency groups, although not all were statistically significant.

Conclusions: This study has identified a close relationship between frequency of

number‐puzzle use and the quality of cognitive function in adults aged 50 to 93 years

old. In order to determine the value of these findings as a potential intervention,

further research should explore the type and difficulty of the number puzzles. These

findings further contribute to the growing evidence that engaging in mentally

stimulating activities could benefit the brain function of the ageing population.
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1 | INTRODUCTION

There is increasing awareness of the need to find affordable interven-

tions that might reduce the risk of dementia and Alzheimer disease

(AD) and enable older people to proactively manage their risk of
wileyonlinelibrary.co
cognitive decline.1 The ageing global population presents one of the

greatest challenges for global health sectors and economies.2 Demen-

tia affects nearly 50‐million people around the world, and with ageing

populations, it is anticipated that up to 132 million could be affected

by 2050. Risk reduction interventions are therefore a priority for
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Key points

• This paper evaluated the relationship between the

frequency of engaging in number puzzles, such as

sudoku, and cognitive function in a large online sample

of 19 078 individuals aged 50 to 93.

• Cognitive function was associated with the frequency of

number‐puzzle use, with individuals who never or only

occasionally use puzzles showing poorer reasoning,

attention, information processing, working memory, and

episodic memory.
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research to ensure current and future generations are able to take

responsibility for their own brain health.1

Whilst some functional and cognitive decline is a natural conse-

quence of ageing, cognitive loss may also lead to more severe

impairment and dementia in later life. Dementia is one of the leading

chronic conditions affecting older people. The condition has a devas-

tating impact on an individual's quality of life and the lives of those

around them. More research is needed to define the intricacies and

hallmarks of early onset of preclinical cognitive deficits in order to

facilitate early diagnosis and to target effective preventative strate-

gies towards at‐risk groups. Key at‐risk individuals are those with

existing early cognitive deficits, including mild cognitive impairment

(MCI) and age‐associated cognitive decline (AACD),3 both of which

are associated with an increased likelihood of future conversion to

dementia. Published criteria for MCI and AACD enable identification

of these groups, and this is proving valuable for research into pre-

ventative approaches.

One area of promising, and rapidly growing, research is the use

of cognitive activities to reduce the risk of cognitive decline. The

evolution of the internet and its place in society has opened doors

for different types of cognitive training and brain‐stimulating activi-

ties, which are available to individuals online 24 hours a day. In

the same way in which physical activity has been promoted as

essential to a healthy lifestyle, there has been an increase in public

interest in brain health and how these approaches might be used

to maintain it. This complies with the simple concept of “use it or

lose it,” which suggests that the brain must continue to be used in

a way that it is stimulated and challenged throughout life.4 Addition-

ally, data is accumulating to support the case that sustaining an

active cognitive lifestyle can contribute to favourable cognitive sta-

bility in ageing.5 This evidence, combined with evidence that cogni-

tive reserve formed by a combination of education attainment,

career, and sustained cognitive activity can also play a role in cogni-

tive trajectory,6 further strengthens the value of exploring affordable

interventions in this field.

Number puzzles are an example of a cognitively stimulating men-

tal exercise, which are widely accessible. An example is the popular

Japanese game sudoku, which requires the correct placement of nine

nonrepeating digits and has task demands that stimulate information

processing and working memory. The value of number‐puzzle use in

older adults who later develop dementia has previously been shown

in studies in which older adults who regularly complete puzzles per-

form at a higher level on cognitive tasks compared with those who

do not,6 and a number of additional studies have reported benefit

to working memory, attention, and accuracy in cognitive tests.7-9

Paulraj et al investigated the relationship between regular use of

puzzles and performance on the Wisconsin Card‐Sorting Test

(WCST) in healthy adults, showing that regular sudoku and/or cross-

word use was associated with better executive function.10 Overall

higher frequency puzzle users were able to complete more task cat-

egories, which suggests superior cognitive function and problem‐

solving skills. A further study in 65 000 individuals aged 18 to

90 years old and who answered a question about the frequency of
performing number puzzles showed favourable cognitive perfor-

mance in those who engaged in daily puzzle use compared with

those who never used them.11 More recently a large‐scale cross‐

sectional analysis conducted in the Survey of Health, Ageing and

Retirement in Europe (SHARE) also reported more favourable cogni-

tive function in adults reporting regular use of sudoku and other

cognitively stimulating activities.12 This literature points towards a

potential risk‐reduction relationship between cognition in healthy

adults and use of number puzzles. However, to date, studies have

either used small cohorts or broad cognitive‐test paradigms to inves-

tigate this relationship. Novel online cognitive‐test systems now

offer the opportunity to explore the impact of number‐puzzle use

in large numbers of cognitively healthy adults on specific aspects

of cognitive function and individual cognitive domains.

A large scale online longitudinal study in the United Kingdom,

PROTECT, provides a tailor‐made environment to explore research

questions relating to cognitive health in ageing and to address the cur-

rent gaps in the literature around the impact of lifestyle factors on

dementia risk.13-15 The cohort of over 20 000 adults aged 50 years

old and above complete two independent annual online assessments

of core aspects of cognitive function and lifestyle behaviours, offering

a valuable and evolving dataset of independently validated cognitive

variables with which to explore the factors, which influence brain

function as we age. The analysis reported here utilises baseline data

from the PROTECT study cohort to explore the relationship between

core measures of cognitive function and the self‐reported frequency

of number‐puzzle use.
2 | METHODS

2.1 | Study design

This is a cross‐sectional analysis of data from the ongoing online

PROTECT study (http://www.protectstudy.org.uk/), which was

launched13 in November 2015. The study received ethical approval

from the UK London Bridge National Research Ethics Committee

(Ref: 13/LO/1578).

http://www.protectstudy.org.uk/
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2.2 | Participants and eligibility criteria

PROTECT participants are aged 50 years old and above, have access

to a computer and the Internet and do not have a diagnosis of demen-

tia. Enrolment to the study was completed via the study website fol-

lowing national publicity and signposting through partner cohorts

and organisations. Participants gave their electronic informed consent

through the online registration process.
2.3 | Demographic and lifestyle data collection

All participants detailed their demographic information at baseline

through an online questionnaire adapted from the Office of National

Statistics, which included age, sex, ethnicity, and education level. Edu-

cation level was categorised from secondary education (GCSE/O‐

Levels) (score of 1) to doctorate (PhD) (score of 6). Participants also

completed a questionnaire that captured information about lifestyle

items. The question of interest for this analysis was “How frequently

do you engage in number puzzles, eg, sudoku?” The six possible

responses to the study question were “more than once a day,” “once

a day,” “once a week,” “once a month,” “occasionally,” and “never.”
2.4 | Cognitive assessment

Two independent online cognitive‐test systems were utilised for this

study—the PROTECT Cognitive‐Test Battery (PCTB) and the CogTrack

system. The PCTB assesses aspects of attention and working memory

and takes 10 minutes to complete. The four tasks that make up the

battery are paired‐associate learning, in which participants are shown

a series of objects in “windows” and are then asked to select the cor-

rect location of each object using a ratchet‐style approach; digit span,

in which participants were presented with a sequences of digits to

encode and recall; spatial working memory in which participants

search a series of on‐screen boxes to find a hidden symbol; and verbal

reasoning assessed with a grammatical reasoning task, in which partic-

ipants determine the accuracy of a series of grammatical statements

about a picture. These tasks are described in full in previous publica-

tions.9,11,13 The outcome measure of each task is the total score of

correct responses, which is corrected for errors made.

The CogTrack system battery adopted for the PROTECT study

assesses aspects of attention, episodic memory, and reasoning and

takes around 15 minutes to complete. The five tasks used in this study

were simple reaction time, choice reaction time, digit vigilance, pattern

separation, and grammatical reasoning. The first four have been

described previously,14 and the fifth is based on Baddeley's logical‐

reasoning paradigm.9,11,13 The tasks have numerous parallel forms to

ensure repeat stimuli is not given to participants at each test session.

Four validated composite measures are derived from the three atten-

tion tasks. The attentional‐intensity index is the sum of the speed

scores from the three tasks and assesses the ability focus attention.

The sustained‐attention index is calculated by combining accuracy

scores. Cognitive reaction time is the difference between simple–
reaction‐time median speed and choice–reaction‐time median speed

and reflects the extra information processing involved in choice reac-

tion time. The fourth measure is the sum of the three coefficients of

variance derived from the attention tasks to form the attentional fluc-

tuation index, which measures moment‐to‐moment fluctuations in

attention.16 Speed and accuracy scores from the object pattern sepa-

ration (PS) task are analysed separately for the ability to detect the

original pictures and the ability to reject the closely similar ones.

Finally, the outcome measures of the Grammatical Reasoning task

are the percentage of correct responses and the median response

time.

The participants were requested to perform the two cognitive test

systems up to three times over a period of seven days, leaving at least

24 hours between each testing session.
2.5 | Data analysis

All data available from the two cognitive‐test packages were averaged

over the three sessions to obtain a single score per participant for

each measure at baseline. In order to determine whether the fre-

quency of puzzle use was related to performance on the various cog-

nitive tasks, ANCOVAs were conducted using the MIXED procedure

from the software package SAS Version 9.4. The frequency of use of

number puzzles was fitted as the main between group factor with

six levels, (1) More than once a day to (6) Never. Age, gender, educa-

tion, and the number of times the tasks had been performed were

fitted as covariates. Comparisons between the frequency groups were

made using paired t tests, with the residual error terms from the

ANCOVAs being used to determine the Cohen's d effect sizes of any

differences identified. Cohen's classification of effect sizes was

adopted, d = 0.2 (small), d = 0.5 (medium), and d = 0.8 (large).17
3 | RESULTS

3.1 | Cohort characteristics

In total, at the time of data analysis, baseline data were available for

21 463 participants in the PROTECT study, covering the period from

November 2015 to September 2017. Of these, 19 212 responded to

the number‐puzzle frequency questionnaire, and 19 078 of these also

performed either or both of the PCTB and CogTrack tasks and were

included in the analysis. The population included 14 012 females,

mean age 61.1 years old (SD 6.9, range 60 to 92) and 5066 males,

mean age 63.4 years old (SD 7.7, range 60 to 93). The demographics

for the analysed population are presented in Table 1. The population

ages varied between the puzzle‐frequency groups, with those who

performed number puzzles more than once a day being the oldest,

those who performed them daily a year younger, and the group

who performed puzzles monthly were the youngest at just under

60 years old.



TABLE 1 Demographics for the participants who performed the two cognitive test systems according to reported frequency of number‐puzzle
use.

Question: How frequently do you engage in number puzzles, eg, sudoku?

Response n

Age (years) Education
Females Males

Mean SD Range Mean SD n n

PCTB tasks

1 More than once a day 1214 64.9 7.2 50‐91 3.26 1.4 886 328

2 Once a day 2870 63.9 7.0 50‐89 3.41 1.3 2157 713

3 Once a week 2918 61.6 6.8 50‐91 3.37 1.4 2233 685

4 Once a month 894 59.7 6.5 50‐84 3.39 1.4 658 236

5 Occasionally 5170 60.4 7.0 50‐89 3.29 1.4 3806 1364

6 Never 5766 61.3 7.3 50‐92 3.22 1.5 4092 1674

Total 18 832 61.7 7.2 50‐92 3.30 1.4 13 832 5000

CogTrack tasks

1 More than once a day 1094 65.1 7.2 50‐93 3.31 1.4 786 308

2 Once a day 2622 64.0 7.0 50‐89 3.45 1.3 1945 677

3 Once a week 2623 61.7 6.8 50‐91 3.41 1.3 2004 619

4 Once a month 806 59.7 6.4 50‐82 3.42 1.4 588 218

5 Occasionally 4663 60.5 7.0 50‐89 3.32 1.4 3396 1267

6 Never 5137 61.5 7.4 50‐92 3.25 1.5 3570 1567

Total 16 945 61.8 7.2 50‐93 3.30 1.4 12 289 4656

Abbreviations: PCTB, PROTECT Cognitive‐Test Battery; SD, standard deviation.
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3.2 | Association of cognitive performance on the
PCTB with usage of number puzzles

All four PCTB tasks showed highly significant (P < 0.00001) main

effects of the frequency of number‐puzzle use (Table 2). The pattern

was for less frequent puzzle use to be associated with poorer perfor-

mance on the tasks. Cognitive performance in the group who never

performed number puzzles was notably poorer than in all other groups

(Table 3, each comparison P < 0.00001), with Cohen's d effect sizes for

paired‐associate learning ranging from 0.23 to 0.41, for digit span from

0.17 to 0.29, for spatial working memory from 0.28 to 0.47, and for

verbal reasoning from 0.21 to 0.4. Cognitive performance in the group

who performed puzzles occasionally was significantly poorer when

compared with each of the three highest frequency groups on all four

tasks (P = 0.0003 to <0.00001). The other major difference was that

the group who performed puzzles monthly was significantly poorer

than each of the three highest frequency groups for paired‐associate

learning (P = 0.0054 to <0.0001) and verbal reasoning (P = 0.0004

to <0.00001).
3.3 | Association of cognitive performance on the
CogTrack system with usage of number puzzles

As with the PCTB tasks, each of the 10 scores from the CogTrack

tasks showed significant main effects of number‐puzzle–use fre-

quency, these being P < 0.00001 for each score, apart from the speed
score for the original stimuli in the pattern separation (PS) task

(P = 0.004). The pattern of results for the CogTrack attention tasks

showed a more variable pattern of improvement with puzzle fre-

quency over the four measures. The “never” group again performed

significantly more poorly than each other frequency group for the

attentional‐intensity index (all P < 0.00001, Cohen's d from 0.15 to

0.27), the sustained‐attention index (P = 0.0054 to <0.00001;

d = 0.09 to 0.18), and the attentional‐fluctuation index (all

P < 0.00001; d = 0.11 to 0.18). Thereafter, there were only occasional

differences for these three measures. For cognitive reaction time, the

three lowest frequency groups were poorer than each of the three

highest frequency groups, with only the difference between the

“monthly” and “weekly” groups missing significance (P = 0.0657). The

peak difference between the groups on this measure had an effect

size of 0.14.

For the PS task, the accuracy and speed scores for the original

stimuli as well as the closely similar stimuli are presented. To facilitate

comparisons between the two types of stimuli, the accuracy and

speed scores for each are plotted over the same range. The pattern

was again for a relationship of frequency to quality of performance,

although the differences between the frequency groups were notably

greater for the closely similar stimuli as opposed to the original stimuli.

For the ability to correctly identify the stimuli, the main effect was for

the group who never performed number puzzles to be significantly

poorer than each other group, both for the original stimuli

(P = 0.0005 to <0.00001; d = 0.07 to 0.15) and the closely similar stim-

uli (all P < 0.00001; d = 0.13 to 0.25). For the speed of correctly
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identifying the original stimuli, the two highest frequency groups were

significantly faster than the three lowest frequency groups (P = 0.0112

to P = 0.0028; d = 0.06 to 0.13). For the speed of identifying the

closely similar stimuli, the steep profile of response was reflected by

each group being significantly different to each other group, with

the exception of group 4, which did not differ from the group at either

side. The difference between the group who never performed puzzles

and the group who performed them more than once per day had an

effect size of 0.26.

For the grammatical‐reasoning task, the accuracy score for the

“never” group was significantly lower than each other group (all

P < 0.00001; d = 0.06 to 0.23). The other difference was for the “daily”

and “weekly” groups to out perform the “occasionally” group

(P < 0.005, d = 0.07 and 0.09). The speed score showed a steep profile

over the frequency groups, with 13 of the 15 between group compar-

isons reaching significance (P = 0.0028 to <0.00001; d = 0.08 to 0.43);

the exceptions were the comparison between the two highest fre-

quency groups and that between the “occasionally” and “monthly”

groups.
4 | DISCUSSION

This cross‐sectional baseline analysis has identified a strong associa-

tion with frequency of number‐puzzle use and cognitive performance

in older adults using two independent cognitive‐test batteries. Analy-

sis of data from the four PCTB measures showed consistent superior

performance, with effect sizes ranging from d = 0.17 to d = 0.47. It

is important to note that although these effect sizes are not large, cur-

rent major treatments for AD have an average effect size18 of 0.28,

and thus for a simple intervention and early data, these findings are

both promising and comparable with drug interventions. The findings

are a further extension to our previously published work using the

same puzzle question and the PCTB, which also showed positive

effects of the frequency of puzzle use on the spatial working memory,

paired‐associate learning, and verbal‐reasoning tasks, although cogni-

tive performance was only assessed once in this previous study.11 This

analysis also included the in‐depth CogTrack‐test battery, which fur-

ther emphasised the impact on cognition, although the frequency‐

dependent pattern was not as stable across the whole battery. Partic-

ipants who reported engaging in number puzzles more than once a

day did have superior cognitive performance on all 10 measures. How-

ever, the frequency association was less linear.

The analysis identified benefit across several cognitive domains

including episodic memory, spatial working memory, attention, pro-

cessing speed, and executive function. This correlates with previous

studies, which have also indicated associations with working memory,

problem solving, and attention.7-10 Combined, the literature appears

to suggest a global cognitive impact, which is not restricted to a spe-

cific cognitive domain. This perhaps may be explained by the multi‐

domain aspects of sudoku and other similar number puzzles, where

users employ aspects of problem solving, memory, and executive func-

tion to complete tasks, all of which require the use of the information
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processing and attentional domains. An interesting additional potential

link between number‐puzzle use and neurogenesis was identified

using the CogTrack PS task. The task measures ability to correctly

reject closely similar pictures. Early Functional magnetic resonance

imaging (fMRI) work in patients has shown that activity in the hippo-

campal dentate gyrus occurs when rejecting closely similar stimuli but

not when identifying original stimuli.19-21 The dentate gyrus is one of

the two brain areas where neurogenesis is known to occur, and thus

PS ability can be considered to be a proxy measure for this neuropath-

ological important process.22 In this study the effect sizes of the peak

differences between the frequency groups for both the accuracy and

speed outcome measures were greater for the closely similar stimuli

(d = 0.25 and d = 0.26, respectively) than for the neurogenesis insensi-

tive stimuli (d = 0.15 and d = 0.09, respectively), suggesting a tentative

link between the frequency of puzzle use and neurogenesis.

Overall the pattern for both cognitive test batteries and robust-

ness of the results are highlighted by the fact that the main effects

of 13 ANCOVAs had P values of <0.0005 (Table 2). Thus, these find-

ings further support the case that the frequency of number‐puzzle

use and its relationship to the quality of cognitive function in older

adults may offer further foundation to there being value in such main-

tenance of cognitive function in older adults. There are however a

number of limitations of this study, which must be addressed. There

were variations in the demographic makeup of the cohort groupings.

For example, those who performed number puzzles more than once

per day were the oldest group, and those who engaged in number‐

puzzle use monthly were the youngest group. It has previously been

shown that there are age‐related declines on the CogTrack tasks of

attention and PS in this population,14 and thus age was used as a

covariate in the analyses to address this. The nature of the analysis

dictated that multiplicity of comparisons will have occurred, and thus

it would be dismissive not to raise the utility of the Bonferroni correc-

tions. However, because of the large number of comparisons reaching

significance in this analysis, it is evident that there would not be a

benefit from such a correction. Finally, the frequency of use group

differences identified can only be classified as an association, and

they do not represent evidence that number‐puzzle use alone has

caused the superior cognitive function. As such, it is essential that

these findings be followed up with longitudinal data and comprehen-

sive interventional trials to explore the potential value of different

types and usage patterns of number puzzles as a means of maintain-

ing cognitive health.
5 | CONCLUSION

These findings have contributed to the growing body of literature

that supports the case for regular use of activities that challenge

the brain in order to promote cognitive stability in ageing. In partic-

ular, these findings show that regular number‐puzzle use is related

to the superiority of performance of core aspects of cognitive

function.
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