
25-Hydroxyvitamin D and cognitive performance in mid-life

Jane Maddock1*, Marie-Claude Geoffroy1, Chris Power1 and Elina Hyppönen1,2

1Centre for Paediatric Epidemiology and Biostatistics, UCL Institute of Child Health, 30 Guilford Street,

London WC1N 1EH, UK
2School of Population Health, University of South Australia, Adelaide, Australia

(Submitted 31 January 2013 – Final revision received 30 July 2013 – Accepted 30 July 2013 – First published online 18 October 2013)

Abstract

Hypovitaminosis D has been linked with poor cognitive function, particularly in older adults, but studies lack a lifespan approach; hence,

the effects of reverse causality remain unknown. In the present study, we aimed to assess the relationship between 25-hydroxyvitamin D

(25(OH)D) concentrations and subsequent cognitive performance in mid-adulthood and the influence of earlier life factors, including

childhood cognitive ability, on this association. Information for the present study was obtained from the members of the 1958 British

birth cohort (n 6496). Serum 25(OH)D concentration, indicating vitamin D status, was measured at age 45 years. Verbal memory

(immediate and delayed word recall), verbal fluency (animal naming) and speed of processing were tested at age 50 years. Information

on childhood cognitive ability, educational attainment, vitamin D-related behaviours and other covariates was collected prospectively from

participants throughout their life. Childhood cognitive ability and educational attainment by age 42 years were strongly correlated with

cognitive performance at age 50 years and with several vitamin D-related behaviours in mid-adulthood, but not with 25(OH)D concen-

trations at age 45 years. Participants with both low (,25 nmol/l) and high ($75 nmol/l) 25(OH)D concentrations at age 45 years performed

significantly worse on immediate word recall. The associations attenuated after adjustment for childhood cognitive ability, education, and

socio-economic position; however, for the immediate word recall test, there was a non-linear association with 25(OH)D after further adjust-

ment for obesity, menopausal status, smoking, alcohol consumption, physical activity and depressive symptoms at age 45 years

(Pcurvature ¼ 0·01). The present study demonstrated that 25(OH)D concentrations were non-linearly associated with immediate word

recall in mid-life. A clarification of the level of 25(OH)D concentrations that is most beneficial for predicting better cognitive performance

in mid-life is required.
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Strategies to reduce cognitive decline and/or to maximise

cognitive function may be explored by examining modifiable

factors at a time before age-related changes are fully estab-

lished. Past studies have assessed the effects of physical

activity and education(1). Improving nutritional status could

also be beneficial. Recently, vitamin D deficiency has been

associated with reduced cognitive function(2). The active hor-

monal form of vitamin D (1,25-dihydroxyvitamin D, calcitriol)

has been implicated in brain development and function(3).

Nuclear vitamin D receptors, metabolites of vitamin D and

enzymes required for bioactivation have been found in the

brain and central nervous system, suggesting local synthesis(4).

Experimental studies have demonstrated that calcitriol may

play a role in brain and neuronal development, increase

nerve growth factor production(5,6) and have neuroprotective

potential and direct antioxidant effects(7–10). Additionally,

calcitriol may assist in the clearance of amyloid b plaques(11),

protect against Ca toxicity(12) and mediate the risk of

cerebrovascular conditions via its association with CVD(13) and

hypertension(14). There is evidence among older adults that

those with ,50 nmol/l of 25-hydroxyvitamin D (25(OH)D, an

indicator of vitamin D status) perform significantly worse on

the Mini-Mental State Examination when compared with those

with $50 nmol/l(2). However, this relationship has not been

consistent across all studies(15).

Most studies to date have focused on older adult popu-

lations (age $65 years), with some failing to adjust for

potentially important confounding factors such as education

and depressive symptoms(15). Previous work has demon-

strated that cognitive ability in childhood can protect against

cognitive decline in mid-life(16), and it could influence vitamin

D-related behaviours such as use of supplements. However,

childhood influences on the relationship between 25(OH)D

concentrations and later cognitive ability have been largely

overlooked. In the present study, we aimed to examine the

association between 25(OH)D concentrations and subsequent
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performance on cognitive tests at age 50 years, a time when

age-related changes in cognitive function are beginning to

be established(16), while taking account of factors such as

educational attainment and childhood cognitive ability.

Methods

Participants

For the present study, information was obtained from the

members of the 1958 British birth cohort, consisting of

18 558 people (17 634 from England, Scotland or Wales and

920 immigrants included up to age 16 years) born in March

1958 and followed from birth to age 50 years(17). The

sample is broadly representative of the surviving cohort; how-

ever, it may slightly under-represent those in certain minority

groups, those with behavioural problems and/or poorer cog-

nitive ability at 7 years(18). Information for the present study

(Fig. 1) was collected in childhood (ages 7, 11 and 16 years)

and adulthood (ages 23, 33, 42, 45, 46 and 50 years). The

45-year biomedical survey was approved by the South-East

Multi-Centre Research Ethics Committee (reference 01/1/44),

and written consent for use of information in medical research

18 558 enrolled in the 1958 British birth cohort

11 461 target samples at 50 years of age

9790 respondents

9649 completed at least one cognitive test

6640 completed at least one cognitive test at 50 years of age and had
25(OH)D measurements at 45 years of age

3009 had no 25(OH)D
measurements

•  141 did not complete any
cognitive test

•  1671 non-respondents

•  1392 deceased
•  1341 emigrated

•  3112 ineligible/untraced
•  (eighty-two deceased from
    emigrant/refusals/untraced

•  1252 permanent refusals

Excluded:
•  One pregnant women
•  143 non-Europeans

Eligible for current analyses:

6496 with information on at least one cognitive test and 25(OH)D
measurements at 45 years of age

Fig. 1. Number of the participants of the 1958 British birth cohort and selection for the present study. 25(OH)D, 25-hydroxyvitamin D.
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studies was obtained from the participants. The present study

was conducted according to the guidelines laid down in the

Declaration of Helsinki.

Vitamin D measurement at age 45 years

Avenous, non-fasting blood sample was collected from consen-

ting participants (age 45 years) of a biomedical survey. The

month of blood collection was recorded and categorised by

season: winter (December–February); spring (March–May);

summer (June–August); autumn (September–November).

The samples were sent to the central laboratory (Royal Victoria

Infirmary, Newcastle upon Tyne, UK) where vitamin D status

(measured by 25(OH)D concentrations) was assessed. Serum

25(OH)D concentrations were measured using an automated

Immunodiagnostic Systems Limited OCTEIA assay with a

Dade-Behring BEP2000 analyser (Dade-Behring) and standar-

dised according to the mean vitamin D external quality

assessment scheme with a sensitivity of 5·0 nmol/l, linearity

#155 nmol/l and intra-assay CV 5·5–7·2 %(19). The categoris-

ation of 25(OH)D was based on previously established

thresholds: ,25, 25–49, 50–74, 75–99 and $100 nmol/l(20,21).

Cognitive measures at age 50 years

Cognitive performance, including two verbal memory tasks,

one verbal fluency task and one speed of processing task,

was assessed at the participant’s home at age 50 years.

Verbal memory was assessed using the immediate and delayed

word recall tests. The former examined how many words a

participant could immediately recall from a list of ten

common words (e.g. book, tree; range 0–10). The latter exam-

ined how many of these words could be recalled (range 0–10)

after a short interval of approximately 5 min, during which the

other cognitive tests were conducted. A total of four word lists

were randomly assigned. They were mainly read out by a

computer voice; however, the interviewer read out the lists

at an equivalent pace to the computer for 2 % of cases.

Verbal fluency was assessed using the animal-naming task in

which participants named as many different animals as poss-

ible within 1 min (range 0–65). The letter cancellation

task(22) assessed speed of processing. Participants crossed

out as many target letters (P and W) as possible within

1 min from a page incorporating 125 upper-case letters of

the alphabet (range 84–780). These measures have been

used in other longitudinal studies (e.g. the 1946 British birth

cohort(23) and the English Longitudinal Study of Aging)(24).

Pearson’s correlations between adulthood cognitive tests

ranged from 0·08 to 0·65 (P , 0·001 for all).

Factors that may have influenced performance on cognitive

tests were controlled for in the analyses. They included

testing time of day and week (weekday morning, weekday

afternoon, weekday evening, weekend morning, weekend

afternoon or weekend evening), presence of others in the

room (yes or no), administration of word list (computer

voice or interviewer), word list (a, b, c or d) and other

contextual factors affecting performance (yes or no) (see the

footnote in Table 2).

Educational attainment and cognitive measures in
childhood

Educational attainment (none or some qualifications, O-level

(or equivalent), A-level (or equivalent) or higher degree)

was based on the highest qualification obtained by age

42 years (or by age 33 years if data were missing).

Cognitive ability in childhood was assessed at ages 7, 11 and

16 years. Mathematics ability at age 7 years was assessed

using ten problems with increasing levels of difficulty (range

0–10)(25). Arithmetic tests at ages 11 years (range 0–40) and

16 years (range 0–31) were constructed specifically for use

in the 1958 British birth cohort by the National Founda-

tion for Educational Research in England and Wales and

Manchester University, respectively. Reading ability was

assessed using the Southgate test at age 7 years (range

0–30)(26) and an assessment similar to the Watts–Vernon com-

prehension tests was constructed by the National Foundation

for Educational Research in England and Wales at ages 11

and 16 years (range 0–35). A standardised test for general

ability, consisting of verbal (range 0–40) and non-verbal

(range 0–40) components, was conducted when the partici-

pants were aged 11 years(27). Pearson’s correlations between

childhood tests ranged from 0·44 to 0·78 (P , 0·001 for all).

The tests were standardised for age at assessment and

averaged to obtain a summary score for childhood cognitive

ability(28). Missing data on one test were replaced by that

individual’s mean standardised score on the other tests.

Covariates

Covariates identified as being potentially relevant included

region of residence, socio-economic position (SEP) in child-

hood and adulthood(29), BMI(30), menopausal status(22),

smoking(31), alcohol consumption(32), physical activity(33)

and depressive symptoms(34).

Region of residence (Southern England and Channel

Islands (South), Middle England and Wales (Middle), Northern

England and Isle of Man (North) or Scotland) was self-reported

at age 46 years. SEP was defined using the Registrar General’s

classification grouped into four categories: professional and

managerial (I and II); non-manual (IIINM); manual (IIIM);

unskilled (IV and V). SEP in childhood was based on father’s

occupation at birth (or at age 7 years if data were missing),

and SEP in adulthood was assessed when the participants

were aged 42 years. Smoking (never/former or current) and

alcohol consumption (non-drinker, light drinker, moderate

drinker, heavy drinker or very heavy drinker) were self-

reported at ages 42 and 45 years, respectively. BMI at age

45 years was defined using the participant’s weight in kg

divided by height measured in m2 (kg/m2). Obesity was

defined as BMI $30 kg/m2 (35). Menopausal status was iden-

tified at age 45 years (postmenopausal, pre-menopausal

or peri-menopausal), where men were coded separately.

Frequency of physical activity was self-reported during an

interview at age 42 years (,1 time per week, 2–3 times per

week or 4–7 times per week). Participants with two or more

depressive symptoms were identified at age 45 years through
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a standardised, semi-structured interview (Clinical-Interview

Schedule Revised). This test was administered by trained

survey nurses visiting the participant’s home, with the aim of

assessing depressive symptoms in the past week(36).

Self-reported vitamin D-related lifestyles at age 45 years

included the following: frequency of consumption of oily

fish (i.e. salmon, trout, mackerel, sardines or fresh tuna) and

margarine (weekly or less than weekly) as well as supple-

ments of cod-liver oil, fish oil or others containing vitamin D

(daily or less than daily); amount of time spent outside

during the past month and leisure time spent watching televi-

sion or using a personal computer ($3 or ,3 h/d); frequency

of sun-cover usage (most of the time or rarely); blistering after

sun-burn (often, rarely, sometimes or never); seeking suntan

(often, rarely, sometimes or never)(37). The use of dietary

supplements, i.e. pill powders, tablets or drops (yes or no),

was also reported at age 45 years.

Statistical analyses

Eligible participants for the present study included those who

had completed at least one cognitive test at age 50 years, had

25(OH)D measurements at age 45 years, were of a European

ancestry and were not pregnant (n 6496) (Fig. 1). The study

samples varied from 6378 for the letter cancellation test to

6496 for the animal-naming and immediate word recall tests.

The distribution of 25(OH)D concentrations was slightly

left-skewed; therefore, geometric means are reported. Cogni-

tive tests at age 50 years were standardised to z-scores

whereby the mean was 0 and standard deviation was 1.

First, the distribution of 25(OH)D concentrations by covariates

was displayed. Significant associations between 25(OH)D

concentrations and covariates were determined using

sex-adjusted linear regression models whereby natural log-

transformed values of 25(OH)D were used. Second, mean

performance on each cognitive test by 25(OH)D concen-

trations was obtained. Third, to examine the effect of

educational attainment and cognitive ability in childhood on

cognitive tests at age 50 years, sex-adjusted linear regression

models were used. Fourth, logistic regression models, adjusted

for sex and SEP in adulthood and childhood, were used to

establish the association of childhood cognitive ability and

educational attainment with vitamin D-related behaviours.

Finally, linear regression models were used to examine the

associations between categorised 25(OH)D concentrations

(,25 nmol/l as the reference) and performance on standar-

dised cognitive tests at age 50 years. These regression

models were adjusted for (1) sex and measurement conditions

(i.e. season of blood collection, day and time of cognitive test-

ing, presence of others in the room, other contextual

factors affecting cognitive performance (see the footnote in

Table 2), word list and method of delivery), (2) social con-

ditions and cognitive factors at earlier life stages (i.e. region,

childhood and adult SEP, childhood cognition and educational

attainment by age 42 years) and (3) physical status and

lifestyles (i.e. obesity, menopausal status, smoking, alcohol

consumption, physical activity and depressive symptoms).

The association between 25(OH)D concentrations and letter

cancellation scores varied by sex (Pinteraction 0·04); therefore,

stratified analyses were undertaken. Curvature was assessed

by including the quadratic term of 25(OH)D in the models.

The models with curvature terms were used to predict the

immediate word recall scores at age 50 years.

Inverse probability weighting, in relation to the surviving

cohort at age 50 years (n 17 091), was used to adjust for selec-

tion bias during regression analyses. The probability of being

in the study was estimated from the factors that have been

identified previously as associated with attrition (i.e. sex,

social class at birth, mathematics score, and internalising and

externalising behaviours at age 7 years)(18) using logistic

regression.

Of the eligible participants, 89·1 % (n 5791) also had com-

plete data for all covariates. Missing values ranged from

0·35 % (n 23) for alcohol consumption to 2·34 % (n 152) for

smoking. To account for missing data on covariates, multiple

imputation by chained equations was performed: twenty com-

plete datasets were created. The results based on regression

analyses using multiple imputation or weighted samples

were similar to those conducted on complete cases. The

imputed results are presented. All analyses were performed

using STATA version 12 (StataCorp)(38).

Results

Of the 6496 participants, 49·5 % were male. The mean

25(OH)D concentrations at age 45 years were higher for

men (53·6 (95 % CI 52·8, 54·4) nmol/l) than for women (51·6

(95 % CI 50·7, 52·4) nmol/l, P ¼ 0·01). The mean performance

at age 50 years was 6·6 (SD 1·5) for the immediate word recall

test, 5·5 (SD 1·8) for the delayed word recall test, 22·5 (SD 6·3)

for the animal-naming test and 334·0 (SD 88·1) for the letter

cancellation test.

The characteristics of the participants varied according

to 25(OH)D concentrations. For example, those with

50–74·9 nmol/l of 25(OH)D were more likely to live in south-

erly regions, be in a higher SEP, had a non-obese BMI, were

non-smokers and light drinkers and had less than two

depressive symptoms (Table 1). The mean performance on

each cognitive test according to 25(OH)D concentrations is

presented in Table 2.

The participants with higher educational attainment and

increased cognitive ability in childhood performed better on

all the cognitive tests at age 50 years (b-coefficients ranged

from 0·07 (95 % CI 0·05, 0·09) to 0·22 (95 % CI 0·20, 0·24)

and from 0·12 (95 % CI 0·09, 0·15) to 0·45 (95 % CI 0·43,

0·48), respectively; P , 0·001 for all, after adjustment for sex).

Childhood cognitive ability and educational attainment

were associated with vitamin D-related behaviours in later

life (age 45 years). The participants with higher cognitive

scores in childhood (or higher educational attainment) spent

less time outside, less time watching television or using a per-

sonal computer in their leisure time, used sun-cover more

often, took more supplements and ate more oily fish than

those with lower scores in childhood (P#0·02 for all, after

adjustment for sex and SEP in childhood and adulthood;

Fig. 2). While all behaviours (except time spent outside,
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Table 1. Characteristics of the participants of the 1958 British birth cohort by 25-hydroxyvitamin D (25(OH)D) concentration (nmol/l)

(Mean values and standard deviations or percentages)

Total
(n 6496)

,25
(n 481)

25–49·9
(n 2177)

50–74·9
(n 2381)

75–99·9
(n 1047)

$100
(n 410) P*

Sex and measurement conditions
Season of blood collection (%)

Winter 1098 36·4 24·2 12·3 6·9 7·8 ,0·001
Spring 1363 39·1 30·6 16·2 9·4 6·3
Summer 1525 12·5 18·6 29·5 26·7 19·3
Autumn 2510 12·1 26·7 42·0 57·1 66·6

Sex (%)
Male 3218 40·3 49·8 49·6 52·2 52·2 0·001
Female 3278 59·7 50·2 50·4 47·9 47·8

Social conditions and cognitive factors at
earlier life stages

Region (%)
South 2503 33·5 38·5 38·9 40·3 37·8 ,0·001
Middle 1674 22·9 25·7 26·7 26·6 22·0
North 1692 26·8 24·3 25·8 26·5 34·6
Scotland 621 16·8 11·4 8·4 6·7 5·4

SEP in adulthood (%)
I or II 2709 39·3 41·9 41·8 41·5 43·4 0·06
IIINM 1373 21·2 21·4 21·8 20·3 17·8
IIIM 1216 15·6 17·6 18·4 22·2 22·0
IV and V 976 18·5 15·9 15·0 12·3 13·7
Other/unknown 222 5·4 3·3 3·1 3·7 3·2

SEP in childhood (%)
I or II 1259 14·4 20·3 20·0 19·3 17·1 0·01
IIINM 644 9·2 8·9 10·0 11·8 11·0
IIIM 3122 46·6 48·6 47·3 47·5 52·9
IV and V 1341 26·0 20·4 21·0 19·0 17·6

Childhood cognition† 6428
Mean 0·12 0·14 0·18 0·16 0·08 0·27
SD 0·83 0·78 0·77 0·76 0·75

Educational attainment (%)
None 504 12·5 8·2 7·2 7·0 5·1 0·13
Some qualifications 898 14·4 13·9 14·0 12·6 15·1
O-level (or equivalent) 1835 24·5 28·3 27·7 30·2 30·2
A-level (or equivalent) 1077 16·4 14·8 17·0 18·1 20·2
Degree 2182 32·2 34·8 34·1 32·2 29·3

Physical status and lifestyles
BMI (kg/m2) (%)

,30 4920 63·6 69·4 78·3 83·3 89·5 ,0·001
$30 1546 35·6 30·0 21·4 16·3 10·0

Menopause (%)
Pre-menopausal 2099 64·5 64·2 63·4 64·7 64·8 ,0·001‡
Peri-menopausal 601 15·0 20·0 19·2 15·8 15·8
Postmenopausal 123 6·3 3·7 3·3 3·6 4·1
Other reasons 388 10·8 10·3 12·3 14·0 13·8

Physical activity (times/week) (%)
#1 3323 59·5 55·5 49·6 44·8 43·4 ,0·001
2–3 1373 16·6 19·0 21·1 26·3 25·1
4–7 1656 22·0 23·4 27·2 26·2 29·3

Smoking (%)
Never/former 4911 59·5 74·0 78·5 78·7 78·8 ,0·001
Current 1433 38·1 23·8 19·4 18·4 18·8

Alcohol consumption (units/week) (%)
Non-drinker 371 9·2 7·4 4·9 3·7 2·4 0·002
Light (,7) 3123 49·5 48·8 48·6 46·1 44·2
Moderate (7–14) 1660 19·3 23·2 27·1 28·8 28·5
Heavy (14–21) 735 8·5 10·6 11·3 13·2 13·7
Very heavy (.21) 584 12·5 9·7 7·6 8·2 10·7

Depressive symptoms (%)
,2 symptoms 5990 86·9 91·8 92·5 93·9 94·6 ,0·001
$2 symptoms 481 12·3 8·0 7·1 5·8 4·9

SEP, socio-economic position; NM, non-manual; M, manual.
*P value for trend was obtained from the linear regression model adjusted for sex.
† Standardised summary score for childhood cognition (age 7–16 years).
‡P value was obtained from the log-likelihood ratio test.
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where ‘more’ time spent outside is associated with higher

25(OH)D concentrations) are associated with a higher mean

25(OH)D concentration in mid-life (Table S1, available

online; also see previous work using the 1958 British birth

cohort(37)), there was no association between childhood

cognition (or educational attainment) and 25(OH)D concen-

trations at age 45 years.

Table 3 shows the relationship between 25(OH)D concen-

trations at age 45 years and performance on the cognitive

tests at age 50 years. There was evidence of a non-linear

association between 25(OH)D concentrations and immediate

word recall (Pcurvature ¼ 0·01, for the final model; Fig. 3),

with concentrations of both ,25 and $75 nmol/l of

25(OH)D, 5 years previously, being associated with worse

performance and levels of approximately 50–75 nmol/l of

25(OH)D associated with better performance. Adjustment for

childhood cognitive ability and educational attainment wea-

kened the non-linear relationship as did the further addition

of lifestyle factors (i.e. obesity, menopausal status, smoking,

alcohol consumption, physical activity and depressive symp-

toms) (Fig. 3). In fully adjusted models, no associations were

observed for 25(OH)D concentrations and the delayed word

recall, animal-naming task or letter cancellation score in men

and women (Table 3). Additional adjustment for the use of

general dietary supplements did not alter the estimates

presented.

Discussion

The link between higher 25(OH)D concentrations and

improved cognitive function among older (age .65 years)

adults has been tentatively suggested by previous studies(2).

Vitamin D-related lifestyle
outcomes

25(OH)D ≥ 25 nmol/l 

Margarin (≥weekly)

Oily fish (≥weekly)

Vitamin D supplements (≥daily)

Actively seeking suntan (often)

Blister after sunburn (often)

Sun-cover (most of the time)

TV/PC (≥3 h/d)

Time spent outside (≥3 h/d)

0·5 1·0

OR comparing the
highest with lower educational

attainment

OR comparing the highest with
lowest quartile for childhood cognitive

ability

1·5 2·0 0·5 1·0 1·5 2·0 2·5

Fig. 2. OR comparing the odds of taking part in vitamin D-related lifestyles in participants with degree-level education (or in the highest quartile for childhood

cognitive ability) with the odds of taking part in vitamin D-related lifestyles in those with no/some/O-level/A-level education (or in the lowest quartile for childhood

cognitive ability). 25(OH)D, 25-hydroxyvitamin D; TV, television; PC, personal computer.

Table 2. Mean performance on cognitive tests by 25-hydroxyvitamin D (25(OH)D) status

(Mean values and standard deviations)

Verbal memory Verbal fluency
Speed of

processing

Immediate word
recall

(range 0–10)

Delayed word
recall

(range 0–10)

Animal
naming

(range 0–65)

Letter
cancellation

(range 84–780)

Total* Mean SD Mean SD Mean SD Mean SD

25(OH)D (nmol/l)
, 25 481 6·4 1·6 5·4 1·9 21·5 6·5 335 94
25–49·9 2177 6·6 1·5 5·5 1·8 22·5 6·3 329 83
50–74·9 2381 6·7 1·5 5·5 1·8 22·6 6·5 337 90
75–99·9 1047 6·6 1·4 5·5 1·8 22·5 5·7 335 86
$ 100 410 6·4 1·6 5·2 1·8 22·5 6·6 333 91

* n varies according to the test: 6469 for immediate word recall and animal naming; 6454 for delayed word recall; 6378 for letter cancellation.
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Table 3. Linear regression modelling between 25-hydroxyvitamin D (25(OH)D) concentrations at age 45 years and cognitive function at age 50 years

(b-Coefficients from the linear regression model and 95 % confidence intervals)

25(OH)D (nmol/l)

,25 25–49·9 50–74·9 75–99·9 $100

b b 95 % CI b 95 % CI b 95 % CI b 95 % CI Ptrend Pcurvature

Immediate word recall (n 6496)*
Model 1† 1·0 0·12 0·02, 0·21 0·16 0·06, 0·26 0·15 0·04, 0·26 20·02 20·16, 0·11 0·76 ,0·001
Model 2‡ 1·0 0·09 0·00, 0·18 0·12 0·02, 0·21 0·11 0·00, 0·21 20·03 20·15, 0·10 0·88 0·001
Model 3§ 1·0 0·07 20·02, 0·16 0·08 20·01, 0·18 0·06 20·04, 0·17 20·07 20·20, 0·06 0·31 0·01

Delayed word recall (n 6454)*
Model 1† 1·0 0·06 20·04, 0·16 0·09 20·01, 0·19 0·06 20·05, 0·17 20·08 20·21, 0·05 0·44 0·01
Model 2‡ 1·0 0·04 20·05, 0·13 0·05 20·04, 0·15 0·03 20·07, 0·14 20·07 20·20, 0·05 0·34 0·10
Model 3§ 1·0 0·03 20·06, 0·13 0·04 20·05, 0·14 0·02 20·09, 0·12 20·08 20·21, 0·04 0·22 0·14

Animal naming (n 6496)*
Model 1† 1·0 0·14 0·04, 0·24 0·17 0·07, 0·27 0·14 0·03, 0·26 0·16 0·03, 0·30 0·09 0·06
Model 2‡ 1·0 0·12 0·02, 0·21 0·12 0·02, 0·21 0·09 20·02, 0·19 0·13 0·00, 0·23 0·38 0·34
Model 3§ 1·0 0·11 0·02, 0·21 0·11 0·01, 0·21 0·08 20·03, 0·19 0·12 20·01, 0·25 0·49 0·35

Letter cancellation (men) (n 3156)*
Model 1† 1·0 20·01 20·16, 0·14 0·06 20·09, 0·21 0·10 20·07, 0·26 0·06 20·13, 0·26 0·07 0·22
Model 2‡ 1·0 20·03 20·18, 0·12 0·03 20·12, 0·18 0·07 20·09, 0·24 0·06 20·13, 0·26 0·07 0·37
Model 3§ 1·0 20·04 20·18, 0·11 0·02 20·14, 0·17 0·07 20·10, 0·24 0·06 20·13, 0·26 0·07 0·51

Letter cancellation (women) (n 3222)*
Model 1† 1·0 20·05 20·18, 0·08 0·04 20·10, 0·17 20·05 20·20, 0·11 0·01 20·18, 0·20 0·70 0·24
Model 2‡ 1·0 20·06 20·19, 0·08 0·03 20·10, 0·17 20·05 20·20, 0·11 0·00 20·19, 0·20 0·70 0·26
Model 3§ 1·0 20·07 20·20, 0·07 0·00 20·14, 0·14 20·10 20·25, 0·07 20·04 20·24, 0·15 0·71 0·36

* n represents the final model for imputed covariates. Outcomes were not imputed.
† Adjusted for sex, season, day and time of cognitive testing, presence of others in the room, other contextual factors affecting performance (i.e. blind or poor eyesight, deaf or hard of hearing, too tired, illness or physical impairment

that affects the ability to perform, impaired concentration, very nervous or anxious, mental impairment, interruption or distraction, noisy environment, problems with the laptop or difficulty understanding English), word list and
method of delivery (the latter two for immediate and delayed word recall only).

‡ Additionally adjusted for region, socio-economic position (SEP) at age 42 years, SEP at birth (or at age 7 years if data were missing), childhood cognition and educational attainment by age 42 years.
§ Additionally adjusted for obese BMI, menopausal status, smoking, alcohol consumption, physical activity and depressive symptoms at age 45 years.
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By using the data from a younger-aged adult population, the

present study investigated the association between 25(OH)D

concentrations and cognition at a life stage when cognitive

decline is beginning to emerge. We found that 25(OH)D con-

centrations in the range of 50–75 nmol/l (37 % of participants)

in mid-life (age 45 years) were associated with a better imme-

diate word recall at age 50 years, while lower (,25 nmol/l)

and higher ($75 nmol/l) 25(OH)D concentrations were

associated with reduced performance. This non-linear associ-

ation between 25(OH)D concentrations and immediate word

recall at age 50 years persisted after comprehensive adjust-

ment for childhood cognition, education and other covariates.

However, the magnitude of the association was small.

No trends were found for 25(OH)D concentrations and

other cognitive measures.

A recent meta-analysis demonstrated a 1·2 (95 % CI 0·5, 1·9)

improvement in scores on the Mini-Mental State Examination

for the participants with 25(OH)D levels of $50 nmol/l com-

pared with those with 25(OH)D levels of ,50 nmol/l(2);

although, there was some heterogeneity between the studies.

The present study differs in terms of age (50 v. $65 years)

and cognitive assessment (the Mini-Mental State Examination

gives a global cognitive function score and can be used as a

brief dementia-screening test(39)). However, a slight improve-

ment (b ¼ 0·08) in scores for the immediate word recall test

was observed when the participants with 25(OH)D levels of

50–75 nmol/l were compared with those with 25(OH)D

levels of ,25 nmol/l.

Little is known about the relationship of vitamin D concen-

trations to different cognitive domains. Interestingly, although

the immediate and delayed word recall tests were strongly

correlated (r 0·7), no association between 25(OH)D concen-

trations and delayed recall was detected. This could be a

chance finding or perhaps, in this age group, vitamin D is

associated with measures of working memory (immediate

word recall) rather than with those of short-term memory

(delayed word recall). No association was found between

25(OH)D concentrations and the other cognitive domains

assessed (i.e. verbal fluency and speed of processing);

which were weakly correlated with verbal memory. Also, in

a previous study conducted in an older adult population

(age 65–99 years) in the USA, 25(OH)D was associated only

with non-memory domains (i.e. executive function and

speed of processing)(40). Interpretation of these associations

can be considered in two ways. First, vitamin D may have a

specialised role in specific brain functions. Second, the associ-

ation between vitamin D and other cognitive domains may

vary by life stage. If the latter is true, the associations between

25(OH)D concentrations and other cognitive domains in the

participants of the present study could manifest at later ages.

Although the decline in memory is steeper among older

adults(41), it has been shown in mid-life(16). Additionally, sev-

eral studies investigating the impact of risk factors on cognitive

decline and dementia over the life course have implied that

certain mid-life factors may be particularly relevant for later

cognitive functioning(42). Therefore, studies such as the pre-

sent one that investigate the role of vitamin D in cognitive

function at a time point where age-related decline is just

becoming apparent are essential for informing the timing

and nature of potential interventions(43). To our knowledge,
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Fig. 3. Predicted immediate word recall (standardised) at 50 years of age according to 25-hydroxyvitamin D (25(OH)D) concentrations at 45 years of age. Values

are predicted immediate word recall (95 % prediction interval (PI) at 50 years of age for fully adjusted models. , Adjustment for sex, season, day and time of

cognitive testing, presence of others in the room, other contextual factors affecting performance, word list and method of delivery. , Additional adjustment for

region, socio-economic position (SEP) at 42 years of age, SEP at birth (or at 7 years of age if data were missing), childhood cognition and educational attainment

by 42 years of age. , Additional adjustment for obese BMI, menopausal status, smoking, alcohol consumption, physical activity and depressive symptoms at

45 years of age. The shaded areas indicate 95 % PI for fully adjusted models.
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only one previous study has investigated a younger adult

population(15). This cross-sectional study examined three age

groups: adolescents (age 12–17 years); younger adults (age

20–60 years); older adults (age 60–90 years). No association

between low 25(OH)D concentrations and impaired perform-

ance on psychometric measures assessing memory and speed

of processing was observed for younger adults; this category

encompassed a wide age range, which reduces comparability

to the present study, in which cognitive function was assessed

at a specific age (50 years).

The debate regarding ‘optimal’ 25(OH)D concentrations has

traditionally been in the context of optimising bone health(20).

While 25(OH)D levels of ,25 nmol/l are considered to be

deficient, optimal concentrations remain unknown(21). The

non-linear association between 25(OH)D concentrations and

cognitive performance observed is not unique to the present

study. For instance, two studies used spline regression to

demonstrate a reduction in cognitive function at lower

25(OH)D concentrations. Of these studies, one suggested

that a reduction was most evident at 25(OH)D levels of

,35 nmol/l(44), while the other proposed that improvement

in cognitive function plateaus as 25(OH)D concentrations

increased(45). This non-linear association with a suggestive

threshold effect may have been overlooked in earlier studies

and could be a crucial feature of the relationship between vita-

min D and cognitive function that needs to be taken into

account if trials are conducted in the future.

Another noteworthy finding from the present study

involved early life variables. Childhood cognitive ability is

strongly related to cognitive function in later life(16). There-

fore, we examined whether the association between

25(OH)D concentrations and cognitive function in mid-life

was due to childhood cognition and/or educational attain-

ment. We found that higher childhood cognitive ability and

educational attainment are associated with behaviours that

may predispose to higher vitamin D-related lifestyles in later

life. Although childhood ability and educational attainment

did explain a large proportion of the association between

25(OH)D concentrations and cognitive function in mid-life,

the non-linear relationship persisted despite controlling for

these factors. Therefore, vitamin D status may, to a small

degree, predict overall cognitive ability and performance on

immediate word recall at age 50 years.

Results should be interpreted with limitations in mind. Only

one measurement of 25(OH)D was available, and it is possible

that participants changed behaviour (and consequently

their vitamin D status) during the 5-year interval. Therefore,

inferences about the association between chronic or concur-

rent hypovitaminosis D and cognitive performance should

be made with caution. The 50-year tests enable the investi-

gation into the association of 25(OH)D concentrations with

specific cognitive functions; however, an overall cognitive

score was not available. Additionally, the influence of child-

hood cognitive ability on the subsequent association between

25(OH)D concentrations and cognitive function may have

been underestimated due to differing measures of cognition

in childhood and adulthood.

The major strengths of the present study include the large,

nationwide population-based sample that enables the detec-

tion of small associations, as well as the novel focus of

cognitive function in a younger adult age group than that

used in most previous studies and the examination of the

effect of earlier life factors. The present study included a com-

prehensive list of potential confounding variables not always

available in previous studies. Analyses were restricted to the

participants of European decent; therefore, the present results

may not apply to non-white ethnic groups. Although some

attrition was evident, previous work has indicated that the

sample remains broadly representative of the white British

population(18). While comparing complete case results with

the results that were weighted for sample attrition, no differ-

ence was observed.

The findings from the present study, using information from

a mid-adulthood population, suggest that, although effect

sizes are small, both low and high 25(OH)D concentrations

are associated with poorer verbal memory as indicated by

the immediate word recall in mid-life. Childhood cognition

and educational attainment appear to contribute to this asso-

ciation, but do not fully explain it. Further examination to

identify the 25(OH)D concentrations that predict better cog-

nitive performance and explore potential threshold effects

is required to clarify the observed association. Investigation

is also necessary to establish causality of the association.
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