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Abstract
Maintaining nutritional adequacy contributes to successful ageing. B vitamins involved in one-carbon metabolism regulation (folate, riboflavin,
vitamins B6 and B12) are critical nutrients contributing to homocysteine and epigenetic regulation. Although cross-sectional B vitamin intake in
ageing populations is characterised, longitudinal changes are infrequently reported. This systematic review explores age-related changes in
dietary adequacy of folate, riboflavin, vitamins B6 and B12 in community-dwelling older adults (≥65 years at follow-up). Following
Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, databases (MEDLINE, Embase, BIOSIS, CINAHL) were sys-
tematically screened, yielding 1579 records; eight studies were included (n 3119 participants, 2–25 years of follow-up). Quality assessment
(modified Newcastle–Ottawa quality scale) rated all of moderate–high quality. The estimated average requirement cut-point method estimated
the baseline and follow-up population prevalence of dietary inadequacy. Riboflavin (seven studies, n 1953) inadequacy progressively increased
with age; the prevalence of inadequacy increased from baseline by up to 22·6 and 9·3 % in males and females, respectively. Dietary folate
adequacy (three studies, n 2321) improved in two studies (by up to 22·4 %), but the third showed increasing (8·1 %) inadequacy. Evidence
was similarly limited (two studies, respectively) and inconsistent for vitamins B6 (n 559; −9·9 to 47·9 %) and B12 (n 1410; −4·6 to 7·2 %).
This review emphasises the scarcity of evidence regardingmicronutrient intake changes with age, highlighting the demand for improved report-
ing of longitudinal changes in nutrient intake that can better direct micronutrient recommendations for older adults. This review was registered
with PROSPERO (CRD42018104364).
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Population ageing is occurring rapidly, with estimates that the
global proportion of adults aged over 65 years will increase to
16 % by 2050(1). This profound demographic shift has important
individual and societal consequences due to the increased
chronic disease risk associated with age(2,3). Maintaining optimal
nutrition status is a key modifiable factor that contributes to suc-
cessful ageing and hence is increasingly important for older
adults(4–6). Although older adults are at greater risk of nutritional
deficiencies(7,8), changes in micronutrient intake specific to age-
ing have not yet been systematically reported.

Among essential nutrients, dietary adequacy of B vitamins
involved in the regulation of one-carbon metabolism (folate,
riboflavin, vitamins B6 and B12) is of particular interest in older
adults given their co-regulation of homocysteine, DNA synthesis
and methylation reactions(9). Accordingly, B vitamins and

homocysteine, as a marker of one-carbonmetabolism, are impli-
cated in a number of common diseases of ageing, including vas-
cular disease(10,11), cancers(12,13), cognitive impairment(14–16) and
osteoporosis(17,18). Research on the association between B vita-
mins, homocysteine and health outcomes has typically focused
on understanding the involvement of folate, and to a lesser
extent vitamin B12

(19–24). However, folate metabolism is closely
interlinked with these other vitamins involved in one-carbon
metabolism, and inadequate status of any one of the four
nutrients can perturb the complex pathways comprising one-
carbon metabolism(2).

Despite the importance of adequate nutritional intake, this
becomes increasingly difficult to achieve for older adults owing
to a complex interaction of physiological, psychological and bio-
logical factors. Older adults experience sensory changes, such as
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diminished taste and smell, and neuroendocrine changes that
affect appetite and satiety, and face challenges with swallowing,
chewing and limited mobility. Together with socio-economic
and psychological changes that are often concurrent with
advancing age, older adults are particularly vulnerable to inad-
equate micronutrient intake and status(7,8). Indeed, a systematic
review by ter Borg et al.(25) reported a high prevalence of inad-
equate dietary intake, upwards of 25–40 %, of folate and related
vitamins in older adults, including riboflavin, folate and vitamin
B6. However, these findings, echoed by others, are generally lim-
ited to cross-sectional designs or cross-age comparisons(26–31).
Although these cross-sectional findings bolster the widespread
notion that intake of B vitamins and other nutrients declines with
age, they fail to describe how nutrient intake changes due to the
ageing process.

Despite targeted efforts to better understand the intake of this
group of B vitamins(32–34), it remains unclear how dietary intake
of these nutrients changes during ageing, and how this impacts
health outcomes. Accordingly, to better understand how to opti-
mise the nutritional status of B vitamins, the nature of age-related
changes in dietary intake must first be characterised. The current
systematic review therefore aims to explore how the prevalence
of dietary adequacy of folate, riboflavin and vitamins B6 and B12

alters with age in community-dwelling older adults.

Methods

The present systematic review followed the reporting checklist as
part of the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement(35). The protocol of the current review
was registered at PROSPERO (CRD42018104364), an international
database of prospectively registered systematic reviews in health
and social care. The Population, Intervention, Comparison,
Outcomes and Study design criteria used to define our research
question are summarised in Table 1.

Search strategy

The electronic databases BIOSIS, CINAHL, Embase and
MEDLINE were searched for publications between 1990 and 8
March 2018. Medical Subject Headings, Medical Subject
Headingsmajor topics and free text termswere developed under
four group headings (B-group vitamins, dietary intake, older
adults and study design) for Embase, MEDLINE and Biosis data-
bases, which were modified for the CINAHL search preferences.
Medical Subject Headings terms were applied to subject head-
ings where possible, and keywords were searched for in ‘many
places’ or in a similar search field. All subject headings were
joined with AND to develop the search string. An example of
the full search strategy can be found as supplemental material
(online Supplementary Table S1). All articles retrieved were
exported to the reference manager Mendeley (v1.19, Elsevier
Inc.), where duplicate articles were removed. Additional publi-
cations were identified by hand-checking the reference lists of
the relevant articles, searching for articles citing the relevant
articles and through relevant review articles, but not through
searching the grey literature.

Study selection and data extraction

Titles and abstracts of all studies were screened in Mendeley to
assess whether they met the inclusion criteria (Table 2) for full-
text review. If the decision on study inclusion or exclusion was
unclear at this stage, the full text was obtained. Next, studies
were further screened at the full-text level to ensure that they
were eligible, were relevant to the research question and pre-
sented data in an appropriate manner. The screening process
was performed independently by two reviewers at both the title
and abstract phase (N. G. and A. M.) and at the full-text review
(N. G. and D. C.-S.) in a systematic manner, with discrepancies
resolved by a third reviewer if required (S. P.). Details of studies
excluded at the full-text review with reason for exclusion are
included in online Supplementary Table S2. Two review
authors (N. G. and A. M.) then independently extracted key
data into a prepared table, with discrepancies resolved by a
third reviewer if required (S. P.). The authors were contacted
if the full text was not available from our search. The following
data were extracted from each study: country the study was
performed in, study year, sample size, participant sex andmean
age at follow-up (age range obtained if mean age unavailable),
years of study follow-up, dietary assessment and statistical
methods, whether dietary supplement use was reported or
included in analysis, whether biochemical measures were
included, whether nutrient intake was adjusted for energy or
other measures, mean intake and standard deviation of nutrient
intake at baseline and follow-up for each nutrient assessed,
whether a significant difference was observed between
nutrient intake at baseline and follow-up according to author’s
statistical analysis. Details of the included studies’ funding
sources and potential conflicts of interest are included in online
Supplementary Table S3.

Quality assessment

A quality assessment scale applied by ter Borg et al.(25), based on
the Newcastle–Ottawa quality assessment scale for cohort stud-
ies(36), was adapted for use in review with additional criteria
regarding the adequacy of follow-up of cohorts. A summary of cri-
teria and point allocation for quality assessment is presented in
Table 3. Summary quality scores of (0–2, 3–4 and 5–7) were rated
as low, moderate and high, respectively. Studies were then cate-
gorised according to these ratings.

Statistical analysis

The population distribution of nutrient adequacy or inadequacy
was based on the estimated average requirement (EAR) cut-point
method. The cut-point approach determines the population
prevalence of inadequate intakes as the proportion with intakes
below the EAR, a value based on the intake level that is sufficient
to meet the needs of 50% of the population(37). As it is not appro-
priate to compare groupmeans to the EAR in this approach(37), we
first calculated z scores from the mean and standard deviation
reported in each study. From here, intake distributions were cal-
culated and segmented into frequencies of intake at percentages
of the EAR. We can then apply the cut-point approach for risk of
inadequacy by combining the total proportion of those estimated
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to have intakes below the EAR, as used in other reviews assessing
micronutrient inadequacy on the mean and standard deviation of
published data(38,39). This approach assumes that the requirement
distribution is approximately symmetrical, and that intakedistribu-
tion is more variable than the requirement distribution of the
group(37). As nutrient reference values vary between countries,
this was standardised in our analysis using the EAR from the
Institute of Medicine on behalf of the USA and Canada(40).
These recommendations alignwith nutrient reference values from
Australia and New Zealand(41), but not with recommendations
from the UK(42), or for many European countries where discrep-
ancies in recommendations are well documented(43,44).

Only one study(45) required transformation for analysis, as
dietary datawere presented in the form ofmean valueswith their
standard error. Standard deviation was determined by applying
the reported mean and 95 % CI using the following calculation
for standard deviation(46):

� ¼ p
n� upper limit� lower limitð Þ=3�92:

Results

Study selection and characteristics

Based on the search strategy, a total of 1579 articles were iden-
tified as potentially relevant, following the removal of duplicates
retrieved across different databases.

After screening and eligibility assessment were completed,
eight longitudinal studies were included in the final review
(Fig. 1). This resulted in the inclusion of n 3119 (38 %male) com-
munity-dwelling older adults, with a range of n 78–1166
included participants and 2–25 years of follow-up in each study.
The studies were conducted in seven developed countries: three
articles from European countries, three from Australasia, one
from North America and one from Asia (Table 4).

Dietary intake of riboflavin was assessed in seven studies
(n 1953), folate in three studies (n 2321) and vitamins B6 and
B12 both in two studies each (n 559 and 1410, respectively).
None of the included studies assessed a particular group of
micronutrients; rather, all studies looked at the change in wider

Table 1. PICOS criteria employed to define our research question

Criteria Description

Participants Community-dwelling older adults (mean age 65 years or older at follow-up)
Intervention/exposure Dietary intake of folate, riboflavin, vitamin B6 and vitamin B12

Comparisons Prevalence of population adequacy of dietary folate, riboflavin, vitamin B6 and vitamin B12 intake
Outcomes Change in prevalence of population adequacy of dietary folate, riboflavin, vitamin B6 and vitamin B12 intake from baseline

to follow-up
Study design Prospective cohort studies, randomised controlled trials, non-randomised controlled trials, case–control studies

PICOS, Population, Intervention, Comparison, Outcomes and Study.

Table 2. Inclusion and exclusion criteria applied in article screening

Inclusion criteria Exclusion criteria*

Participants
• Male and/or female participants
• Community-dwelling (or described in such a way that this could be
assumed)

• Mean age of population at follow-up is ≥65 years†
• Data are presented as mean and standard deviation, or with sufficient
information to calculate these outcomes, at both baseline and follow-up

• Data are presented for at least one of the nutrients of interest (folate,
riboflavin, vitamin B6, vitamin B12) and energy

• Participants included in study who have malignancy or other clinically sig-
nificant medical conditions

• Participants receiving palliative care
• Homogeneous population groups – that is, populations where all participants
share a common condition that could affect dietary intake (e.g. arthritis or
CVD)

Study design and data availability

• Longitudinal study with a follow-up period of at least 2 years‡
• Study is performed in developed countries, according to the United
Nations list of developed economies(79)

• Studies that only report nutrient intake from supplements in total dietary
intake estimates§

• Dietary intake has not been determined through a validated method of dietary
assessment (validated FFQ, food records, 24-h dietary recall, diet history)

• Participants involved in dietary intervention studies or drug trials that would
affect the dietary intake of the nutrients of interest

• Data are adjusted for energy intake
Other criteria

• Full text is not available in English

* Studies had to meet all inclusion criteria, and if any one additional exclusion criterion was met, the study was excluded from the final review.
† 65 years is the chronological age used in two commonly used indicators of ageing: the proportion of the population aged 65 years and older, and the old-age dependency ratio(80).
The WHO also reports that most developed countries use the chronological age of 65 years as a definition for being an older person(81).

‡ A 2-year follow-up period was chosen to align with the minimum follow-up period of previous cohort studies (e.g. the Framingham Cohort(63)) and to minimise the risk of detecting
fluctuating changes in nutrient intake (e.g. with seasonality(82)) in shorter follow-up periods.

§ To strengthen conclusions that could be drawn around changes in dietary intake given the inconsistent reporting of supplement use in a prior systematic review of micronutrient
intake in older adults(25).
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nutrient intake. Habitual dietary intake was assessed by diet his-
tory methods (three studies), validated FFQ (three studies), com-
bined 24-h recall and FFQ (one study) and a 3-d diet record
(one study).

Overall, the risk of bias included in this review was relatively
low – four studies were of high quality, four of moderate quality,
while none of the included studies was found to be of low quality
(Table 4).

Change in prevalence of dietary inadequacy with time

Riboflavin. The prevalence of nutritional inadequacy for ribofla-
vin (i.e. those with dietary intakes that do not meet the EAR) was
estimated to be greater than 25% in three of the seven studies, and
across both sexes at both baseline and follow-up(47–49). At baseline
the greatest prevalence of inadequacy was 43·9 and 36·3%, while
after follow-up it was 50·0 and 45·6% in males and females,
respectively. The magnitude of change in the prevalence of inad-
equacy from baseline to follow-up ranged from an increase of
0–22·6 and 0–9·3% in males and females, respectively (Table 5).

Folate. The prevalence of nutritional inadequacy for folate
was estimated to be greater than 25 % in all three studies,
and across both sexes at baseline and follow-up(45,50,51). At
baseline the greatest prevalence of inadequacy was 90·5
and 92·8 %, while after follow-up it was 85·5 and 83·5 % in
males and females, respectively. The magnitude of change
in prevalence of inadequacy from baseline to follow-up
ranged from a decrease of 5·0–17·8 and 9·3–22·4 % in males
and females, respectively, while only one study showed an
increase in the prevalence of inadequacy of 8·1 % in females
only (Table 5).

Vitamin B6. The prevalence of nutritional inadequacy for vita-
min B6 was estimated to be greater than 25 % in one of the two
studies, and across both sexes at baseline(50), and in both studies
across both sexes at follow-up(50,52). At baseline the greatest
prevalence of inadequacy was 50 % in both sexes, while after
follow-up it was 67·9 and 40·1 % in males and females, respec-
tively. The magnitude of change in prevalence of inadequacy
from baseline to follow-up ranged from an increase of
0–47·9 % in males and a reduction of 9·9 % in females (Table 5).

Vitamin B12. The prevalence of nutritional inadequacy for vita-
min B12was not estimated to be greater than 25 % for either study
at either baseline or follow-up(45,50). At baseline the greatest
prevalence of inadequacy was 14·0 and 19·8 %, while after
follow-up it was 16·5 and 19·1 % in males and females, respec-
tively. Themagnitude of change in the prevalence of inadequacy
from baseline to follow-up ranged from a 2·9 % reduction to a
7·2 % increase in males and from a 4·6 % reduction to a 2·2 %
increase in females(45,50) (Table 5).

Discussion

Older adults are a vulnerable groupwith respect tomicronutrient
intake and status owing to a complex interplay of physiological
and psycho-sociological factors intrinsic to ageing, leading to the
notion that micronutrient intake declines with advancing age.
However, reports on nutrient intake in community-dwelling
older adults vary widely and rarely describe what changes occur
due to ageing as opposed to the frequently reported cross-
sectional differences in dietary intake compared with other
age groups. The current systematic review presents the first
pooled analysis of changes in micronutrient intake that occur

Table 3. Overview of the study quality assessment score

Component Criteria Points awarded*

Predefined study population (e.g. area, participant informa-
tion, inclusion period)

Detailed information provided 1
No information provided 0

Representativeness Truly or somewhat representative of the average, elderly, community-
dwelling resident (at follow-up)

1

Selected group of patients (e.g. only certain socio-economic groups
or areas) or no description of the derivation of cohort

0

Inclusion and exclusion criteria Clearly stated 1
Not stated 0

Validated dietary assessment method (validated FFQ, diet
history, 24-h diet recall, diet records with ≥3 d)

Method clearly outlined 2
Method outlined, little detail provided or no statement of validation 1
Other method used, or no detail provided 0

Selective reporting bias Reported data correspond with initial sample size 1
Reported data do not correspond with initial sample size, rationale

provided
1

Reported data do not correspond with initial sample size, no informa-
tion or incomplete rationale provided

0

Adequacy of follow-up Completed follow-up – all subjects accounted for 1
Subjects lost to follow-up unlikely to introduce bias† 1
Follow-up rates <80% and no description of those lost 0
No statement 0

* Summary score: 0–2 points = low quality, 3–4 points = moderate quality, 5–7 points = high quality.
† Number lost is ≤20%, or description of those lost suggested no different from those followed.
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due to the ageing process, providing insights into how dietary
intake might be optimised in ageing populations. From eight
longitudinal studies, we found evidence of decreased dietary
adequacy of riboflavin with age, as well as a high prevalence
of dietary inadequacy of folate, riboflavin and vitamin B6.
More importantly, we have highlighted the extreme scarcity of
literature available to substantiate the often reported claim that
micronutrient intake declines due to ageing.

From the eight studies included in our analysis, evidence for
changes in dietary adequacywas limited for folate (three studies)
and vitamins B6 (two studies) and B12 (two studies). Indeed, we
could not identify a trend for changes in dietary adequacy of
these nutrients. Dietary riboflavin was most frequently reported,
and dietary adequacy was found to decline into older age in five
of the seven studies reporting on riboflavin. This decline

supports the cross-sectional meta-analysis of dietary intakes in
older adults by ter Borg et al.(25), which identified riboflavin as
a key nutrient of concern in older adults with an estimated preva-
lence of inadequacy of 31–41 % across thirty studies. One study
in the current review reported an increase in both occasional and
regular multivitamin supplement use from baseline to follow-up,
particularly in females(50), which although not considered in our
analysis could of course mitigate the decline in riboflavin
adequacy. Although another study reported that participants
were not taking supplements at baseline, they did not report fol-
low-up data on whether habits around supplement intake
changed with time(49), and the other five studies did not report
on supplement use. Thus, it cannot be presumed that the decline
in dietary riboflavin adequacy reported in this review reflects the
total nutrient adequacy from food and supplements. It was not

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow chart of article selection and inclusion.
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Table 4. Characteristics of included studies assessing longitudinal dietary intake of folate and related vitamins in community-dwelling older adults

Author, year and country
of publication

FU
(years)

Participants*

Dietary assessment
method Database used

Vitamins
assessed

Supplement
use
reported†

Quality
rating

Sample size,
n (sex)

Proportion
lost to FU

(%)

Age (years)

B FU

Mean SD Mean SD

Chapman et al. (1996)
USA(47)

2 209 (M) 30 NA 71·8 6·4 Combined 24-h recall
and FFQ

USDA Food
Composition
Database 1963,
1975 and 1976–
1986

Riboflavin No High

Fernyhough et al. (1999)
New Zealand(50)

6 244 (M/F) 45 >70 NA 120-item FFQ New Zealand Food
Composition Tables
1988

Folate
Riboflavin
Vitamin B6

Vitamin B12

Yes High

Flood et al. (2010)
Australia(45)

10 1166 (M/F) 60 62·2 3·2 73·0 3·6 145-item FFQ NUTTAB90,
NUTTAB95,
AUSNUT

Folate
Vitamin B12

No Moderate

Kromhout et al. (1990)
The Netherlands(52)

25 315 (M) 64 40–59 NA Cross-check diet his-
tory

Netherlands Food
Table 1985

Riboflavin
Vitamin B6

No Moderate

Sjogren et al. (1994)
Sweden(72)

6 98 (M/F) Not
reported

70 0 76 0 Diet history interview
questionnaire (105-
item questionnaire)

Not reported Riboflavin No Moderate

Toffanello et al. (2011)
Italy(49)

10 78 (M/F) 59 M: 72·8 1·7 M: 81·9 1·6 Modified diet history
(3 d diet record and
meal-based food
list)

Interviewer-adminis-
tered

Italian Food
Composition Table
1989

Riboflavin Yes Moderate
F: 72·7 1·6 F: 82·0 1·5

Yukawa et al. (2003)
Japan(48)

8 98 (M/F) 61 65–79 NA 3 d diet record
coupled with direct
interview

Standard Tables of
Food Composition in
Japan, 4th Edition
1990

Riboflavin No High

Zhu et al. (2010)
Australia(51)

7 911 (F) 39 74·9 2·6 81·9 2·7 74-item FFQ Australian, exact data-
base not specified

Folate
Riboflavin

No High

FU, follow-up; B, baseline; M, male; NA, not available; USDA, US Department of Agriculture; F, female.
* Age presented as mean and standard deviation unless stated otherwise if these values were not available. Sample size refers to the total number of participants included in both baseline and follow-up analyses for each study. Proportion of
participants lost to follow-up includes the total of those no longer participating (e.g. due to death, illness or change in location), as well as those with incomplete dietary intake data in the follow-up surveys.

† Supplements were not included in the final analysis for any of the included studies that reported supplement use. It was assumed that if supplement use was not reported then supplements were not included in the final dietary analysis.
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Table 5. Calculated change in risk of micronutrient inadequacy between baseline (B) and follow-up (FU) of included studies

Nutrient, EAR Author FU (years) Sex Time

Dietary intake % of individuals with dietary intake above and below EAR*

Change in % <EARMean SD >100% 75–99% 50–74% 25–49% <25% % <EAR

Folate,
320 μg/d (M/F)

Fernyhough et al.(50) 6 M B 236 64 9·5 38·0 40·7 11·0 0·74 90·5 −5·0
FU 247 69 14·5 39·5 35·6 9·6 0·78 85·5

F B 228 63 7·2 35·2 43·5 13·1 0·94 92·8 −9·3
FU 247 75 16·5 37·2 34·0 11·0 1·3 83·5

Zhu et al.(51) 7 F B 287 92 36·0 33·5 22·1 1·1 0·91 64·0 8·1
FU 266 92 27·9 33·3 26·4 10·3 2·2 72·1

Flood et al.(45) 10 M B 346 106 59·7 24·4 11·9 3·4 0·60 40·3 −17·8
FU 425 139 77·5 13·3 6·3 2·2 0·65 22·5

F B 325 101 52·0 28·0 14·9 4·4 0·76 48·0 −22·4
FU 403 127 74·3 15·7 7·2 2·2 0·55 25·6

Riboflavin,
1·3mg/d (M)
1·1mg/d (F)

Chapman et al.(47) 2 M B 1·8 0·9 71·1 11·0 7·9 5·0 5·1 28·9 3·9
FU 1·8 1·1 67·5 9·8 7·9 5·8 9·0 32·5

Fernyhough et al.(50) 6 M B 1·7 0·5 78·8 13·8 5·6 1·5 0·30 21·2 NA
FU 1·7 0·5 78·8 13·8 5·6 1·5 0·30 21·2

F B 1·6 0·6 79·8 10·4 5·8 2·6 1·4 20·2 NA
FU 1·6 0·6 79·8 10·4 5·8 2·6 1·4 20·2

Sjogren et al.(72) 6 M B 2·0 0·21 99·96 <0·01 <0·01 <0·01 <0·01 0·04 0·58
FU 1·7 0·16 99·4 0·62 <0·01 <0·01 <0·01 0·62

F B 1·7 0·12 99·99 <0·01 <0·01 <0·01 <0·01 <0·01 0·10
FU 1·5 0·13 99·9 0·10 <0·01 <0·01 <0·01 0·10

Zhu et al.(51) 7 F B 2·4 0·9 92·6 3·4 2·0 1·1 0·91 7·4 −5·1
FU 2·9 0·9 97·7 1·2 0·61 0·27 0·18 2·3

Yukawa et al.(48) 8 M B 1·36 0·39 56·1 27·7 12·7 3·0 0·40 43·9 −3·0
FU 1·33 0·39 53·1 28·8 14·1 3·6 0·50 46·9

F B 1·44 0·4 63·7 24·1 9·8 2·1 0·27 36·3 9·3
FU 1·35 0·45 54·4 25·3 14·2 4·9 1·1 45·6

Toffanello et al.(49) 10 M B 1·6 0·5 72·6 16·9 7·7 2·3 0·5 27·4 22·6
FU 1·3 0·6 50·0 20·6 15·5 8·7 5·2 50·0

F B 1·5 0·8 69·1 10·9 8·2 5·5 6·3 30·9 3·6
FU 1·3 0·5 65·5 17·3 10·4 4·7 2·0 34·5

Kromhout et al.(52) 25 M B 2·16 0·57 93·4 4·7 1·5 0·34 0·06 6·6 11·8
FU 1·76 0·51 81·6 12·2 4·7 1·2 0·24 18·4

F B 1·5 0·8 69·1 10·9 8·2 5·5 6·3 30·9 3·6
FU 1·3 0·5 65·5 17·3 10·4 4·7 2·0 34·5

Vitamin B6,
1·4mg/d (M)
1·3mg/d (F)

Fernyhough et al.(50) 6 M B 1·4 0·4 50·0 30·9 15·1 3·6 0·43 50·0 NA
FU 1·4 0·5 50·0 25·8 16·1 6·3 1·8 50·0

F B 1·3 0·4 50·0 29·2 15·6 4·7 0·74 50·0 −9·9
FU 1·4 0·4 59·9 25·7 11·4 2·6 0·36 40·1

Kromhout et al.(52) 25 M B 1·77 0·44 80·0 14·9 4·3 0·69 0·06 20·0 47·9
FU 1·27 0·28 32·1 46·3 19·5 2·0 0·05 67·9

Vitamin B12,
2·0 μg/d

Fernyhough et al.(50) 6 M B 4·7 2·5 86·0 4·0 3·1 2·3 4·6 14·0 −2·9
FU 4·2 1·8 88·9 4·4 2·9 1·8 2·0 11·1

F B 4·3 2·4 83·1 4·7 3·7 2·8 5·7 16·9 2·2
FU 4·1 2·4 80·9 5·1 4·1 3·1 6·7 19·1

Flood et al.(45) 10 M B 5·7 2·8 90·7 2·6 2·0 1·5 3·2 9·3 7·2
FU 5·8 3·9 83·5 3·0 2·6 2·2 8·7 16·5

F B 5·4 4·0 80·2 3·3 2·9 2·5 11·0 19·8 −4·6
FU 5·5 3·4 84·8 3·2 2·7 2·2 7·1 15·2

EAR, estimated average requirement; M, male; F, female; NA, not available.
* The population distribution of nutrient adequacy or inadequacy was based on the EAR cut-point method, using the EAR from the Institute of Medicine on behalf of the USA and Canada(40).
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possible to disentangle changes in dietary adequacy from sup-
plement use in the current review due to inconsistencies in
reporting of supplement use, which as previously criticised by
ter Borg et al.(25) limits our insight into the true prevalence of
micronutrient inadequacies in older adults. The present study
supports demand for improved reporting of dietary intake data
including supplement sources of nutrients from such studies to
better understand changing dietary habits and status with
advancing age. In the current review, original authors attributed
the change in riboflavin intake to a significant reduction in
energy intake, with smaller portions consumed(51), a reduced
intake of milk products(51), meat or fish(49) and an increased pref-
erence for sweet items with age(49). Thus, ways to promote these
and other widely available dietary sources of riboflavin (e.g. for-
tified cereals) throughout ageing should be considered in dietary
recommendations and clinical practice to ensure nutritional
adequacy with improved health outcomes for older adults.

Evidence for longitudinal changeswas limited to eight studies
including just 3119 participants; irrespective of limited evidence,
this review highlighted folate, riboflavin and vitamin B6 dietary
inadequacy as a potential concern with advancing age. Across
the studies included, the prevalence of dietary inadequacy at fol-
low-up was estimated to be greater than 25 % for studies report-
ing on riboflavin (three studies), folate (three studies) and
vitamin B6 (two studies), though the prevalence of inadequate
vitamin B12 intake was comparatively lower at less than 20 %.
Estimates of the prevalence of dietary inadequacy varied widely
in our analysis, particularly in the case of riboflavin, which
ranged from 0 to 43·9 % at baseline and from 0 to 50 % at
follow-up, and the results must be interpreted accordingly with
some caution. Yet, this longitudinal analysis supports similar
cross-sectional findings of micronutrient adequacy in older
adults(25), as riboflavin, folate and vitamin B6 were reported to
have an estimated prevalence of inadequacy of greater than
25 % across thirty studies, while the prevalence of B12 inad-
equacy was less than 20 %. Understanding longitudinal changes
provides context to such cross-sectional analyses, helping to
characterise their relevance to appropriate recommendations.
Indeed, our analysis showed that the decline in dietary riboflavin
adequacy was progressive (up to a 22·6 and 9·3 % increase in
dietary inadequacy in males and females, respectively), high-
lighting the need to consider dietary intervention even prior to
old age.

Factors contributing to changes in dietary intake with age are
well established, ranging from physiological, such as sensory
changes or increasing disability, to socio-economic pressures and
psychological perturbations(7,8). While this review highlights that
a progressive decline in dietary adequacy of riboflavin may occur
with ageing, intake is only a single facet required to understand
micronutrient status and function in pathways like one-carbon
metabolism with advancing age. Physiological functions that influ-
ence nutrient status are also known to be altered in older age
including impaired absorption(8), low bioavailability from foods(53)

and the impact of genetic polymorphisms on micronutrient status
and function(54,55). Such factors have led to controversy over the
appropriateness of dietary reference values for older age, as these
values,which are largely extrapolated fromyounger referencepop-
ulations(43,44), have been suggested to contribute to discrepancies

reported between dietary intake and nutrient status(56). Although
direct correlation between the intake and status of all B vitamins
is not robustly established in older adults(56), concerns regarding
the correlationbetweenvitaminB12 intake and status in older adults
serve to highlight the confounding influence of complex digestive
processes on inferring adequacy from intake alone. Compromised
vitamin B12 status is observed in older adults despite dietary
adequacy due to progressive changes to the gastrointestinal tract
with ageing that impair its absorption(57,58). Accordingly, while vita-
min B12 intake was largely adequate in our analysis, this does not
rule out the possibility of a low biochemical status that would con-
tribute to functional decline. Although we primarily aimed to char-
acterise changes in dietary adequacy with age, it is worthwhile to
note that, as far as we are aware, only one study included in the
current review reported on longitudinal changes in both B vitamin
intake and biochemical measures of B vitamin status(47). Hence,
there remains a poor understanding of how changes in dietary
adequacy with advancing age reported in this review extend to
determine biological micronutrient status and health risk.

Despite the wealth of robustly studied longitudinal cohorts fol-
lowing participants into advancing age(59–62), our search for longi-
tudinal dietary changes in a group of B vitamins resulted in only
eight studies included in the final review, and a total sample size
of only 3119 participants. Unfortunately, a number of well-character-
ised, large, prospective cohorts did not meet the inclusion criteria for
this review despite identification through our search strategy. The
reasons included longitudinal data not being available for nutrients
of interest (e.g. the Framingham Heart Study(63–65)), not meeting cri-
teria for age at follow-up, inadequate presentation of nutrient intake
(the Nurses’ Health Study, the Health Professionals Follow-Up
Study(66)) or the full text not being available after request (e.g. the
SENECA study(67)). While these studies could not be included in
our final review, the longitudinal data published from the Nurses’
Health Study and Health Professionals Follow-Up Study(66) would
suggest that folate intake fromboth natural food sources and fortified
foods increases with age, although the participants did not reach
older age by the time of follow-up. Data on B vitamin intake in
the Framingham Cohort have only been published at the 20th
follow-up(63–65), and although not able to be combined to show
longitudinal trends, cross-sectional data in this cohort (n 1160)(64)

would also suggest that folate and vitamin B12 intake increases con-
currently with categories of age. Both of these studies contrast the
current understanding that micronutrient intake likely declines with
advancing age, while the data synthesised from this review are
equivocal given the paucity of longitudinal intake data reported
on folate and vitaminB12 intake. Evidently, better or further reporting
of longitudinal nutrient intake is needed, particularly in these large
cohorts where the data are likely available. This would help to better
characterise the unique nutrient changes and requirements that
occur with advancing age rather than relying on cross-sectional
reports.

Although the included studies were all of moderate–high
quality, participants were often not representative of the wider
community-dwelling older population, tending to be of higher
socio-economic and health status(45,51), which is likely to be
reflected in dietary intake(68,69). Indeed, dietary assessment
methodology was robust for all included studies (diet history,
diet records, validated FFQ), but the variation of methods limits
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the comparison of dietary intake between studies included in this
review. Adjusting nutrient intake for energy can help to address
differences in dietary assessment methodology(70); however, this
was not possible in the current review as we did not have access
to raw data. Further, it should be acknowledged here that the
EAR cut-point approach is subject to over-inflation of prevalence
estimates, and we were unable to adjust for within-person varia-
tion in nutrient intakes; thus, our results may overestimate the
prevalence of inadequacy(71). We were unable to adequately
comment on sex differences in age-related changes in intake,
as several studies included only one sex or provided conflicting
findings. Similarly, we were unable to conduct sub-analyses of
nutrient intake according to supplement use, as only two studies
reported on supplement users, and this was not included in the
final analysis. Additionally, although studies investigated
changes in general micronutrient intake, the nutrients included
were inconsistent, without strong rationale for inclusion or
exclusion. This limited and inconsistent reporting restricts the
strength of conclusions and recommendations from the current
review, particularly around dietary intake of folate and vitamins
B6 and B12, reported in less than half of included studies. Further,
as follow-up varied from 2 to 20 years, and there were no clearly
defined age groups from the included studies, we are unable to
draw contrasts across either different lengths of follow-up or age-
ing groups.

Longitudinal studies, while useful for describing progressive
changes in dietary adequacy, are subject to the confounding influ-
ence of changes in intake naturally occurring over time; changes in
the food supply or population dietary recommendations and
behaviours may influence shifts in an individual’s intake. Three
studies in this review attempted to account for this and conducted
time-sequential analyses by including cohort comparisons ranging
from 6 to 25 years(50,52,72). The reported changes in intake were
inconsistent; someauthors found increased dietary intakeover time
of riboflavin(72), vitamin B6

(50) and folate(50), while another author
found decreased vitamin B6

(72) intake. Given the paucity of data,
these analytical corrections are not sufficiently robust to influence
the conclusions drawn from this review. Moreover, the effect of
commonpopulation-wide influences limits the accuracy of estimat-
ing shifts in an individual’s nutrient intake over time. This includes
factors such as dietary assessmentmethods and differences in data-
bases used between studies, aswell as progressive changes to data-
bases, forwhich corrections could not bemade(73). In particular, the
limitations of comparing dietary folate intake between countries are
widely acknowledged, stemming from differences in how different
folate forms (naturally occurring folate and fortified folic acid) are
estimated, and whether databases are up to date at the time of
dietary analysis(4,74,75). For example, studies reporting on folate
intake in the current review(45,50,51) use food composition databases
(Australian (AUSNUT, NUTTAB90, NUTTAB95)(45,51), New
Zealand Food Composition Tables(50)) that take folic acid volun-
tarily fortified by the industry (e.g. breakfast cereals) into account.
Further, data in New Zealand(50) are largely based on the manufac-
turer’s claimswhichmaynot reflect the true analytical value(76). This
is further compounded by changing folate fortification policies over
time within countries. None of the studies reporting on changes in
folate intake in this review was conducted in countries
(Australia(45,51) and New Zealand(50)) at a time (between 1988

and 2006) where folic acid fortification was mandatory (only since
2009 in Australia(77), voluntary since 2009 in New Zealand(78)).
However, changes in voluntary folate fortification practices in
Australia were suggested by Flood et al.(45) to be the reason why
increasing folate intakewas seen. Thus, it remains difficult to disen-
tangle the effects of time and age on intake.

This systematic review provides evidence for alterations in
dietary adequacy of B vitamins with the ageing process, includ-
ing a progressive decline in riboflavin adequacy and a high
prevalence of inadequacy for folate, riboflavin and vitamin B6,
which complements and expands upon previous cross-sectional
analyses. A limited number of studies and participants were
included in this review, emphasising the lack of understanding
around changes in nutrient intake with ageing, in contrast to the
knowledge of differences in intake across age groups. Although
supporting concerns around inadequate micronutrient intake in
older adults, these concerns remain entangled with potential
changes in overall dietary intake or micronutrient bioavailability
and metabolism. To understand the true implications of these
findings on related health outcomes and contribution to disease
burden in ageing, a complementary understanding of concurrent
biological changes to nutrient status is required. Hence, although
this review of changes in dietary intake is informative on the risk
of subclinical malnutrition in older adults, further evidence is
required from longitudinal research including comprehensive
assessment of intake and markers of biochemical and functional
status to direct micronutrient recommendations for older adults.
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