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ABSTRACT

Background: Vitamin B-12 deficiency is usually accompanied by
elevated concentrations of serum total homocysteine (tHcy) and
methylmalonic acid (MMA). Folate deficiency also results in ele-
vated tHcy. Measurement of these metabolites can be used to
screen for functional vitamin B-12 or folate deficiency.
Objective: We assessed the prevalence of vitamin B-12 and folate
deficiency in a population-based study (n = 1562) of older per-
sons living in Oxford City, United Kingdom.

Design: We postulated that, as vitamin B-12 or folate concen-
trations declined from adequate to impaired levels, tHcy (or
MMA) concentrations would increase. Individuals were classi-
fied as being at high risk of vitamin B-12 deficiency if they had
low vitamin B-12 (< 150 pmol/L) or borderline vitamin B-12
(150-200 pmol/L) accompanied by elevated MMA (>0.35 pmol/L)
or tHey (>15.0 pwmol/L). Individuals were classified as being at
high risk of folate deficiency if they had low folate (<5 nmol/L)
or borderline folate (5—7 nmol/L) accompanied by elevated tHcy
(> 15 pmol/L).

Results: Cutoffs of 15.0 wmol/L for tHey and 0.35 pmol/L for MMA
identified persons with normal or elevated concentrations. Among per-
sons aged 65-74 and =75 y, respectively, =10% and 20% were at
high risk of vitamin B-12 deficiency. About 10% and 20%, respec-
tively, were also at high risk of folate deficiency. About 10% of per-
sons with vitamin B-12 deficiency also had folate deficiency.
Conclusion: Use of tHcy or MMA among older persons with
borderline vitamin concentrations may identify those at high
risk of vitamin B-12 deficiency who should be considered for
treatment. Am J Clin Nutr 2003;77:1241-7.
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methylmalonic acid, elderly

INTRODUCTION

The clinical presentation of vitamin B-12 deficiency varies con-
siderably and rarely includes all the classic features, such as
macrocytic anemia, peripheral neuropathy, and subacute combined
degeneration of the spinal cord (1). More typically, vitamin B-12
deficiency presents as nonspecific symptoms of fatigue, lassitude,
malaise, vertigo, and cognitive impairment that could be attrib-
uted to old age. Moreover, the clinical severity of vitamin B-12
deficiency is unrelated to vitamin B-12 concentrations, reflecting
the limitations of standard vitamin B-12 assays (1, 2).

Folate deficiency also causes macrocytic anemia but may
have neurologic features that differ from those of vitamin B-12
deficiency. Accurate identification of vitamin B-12 deficiency is

important because inappropriate treatment with folic acid will cor-
rect the hematologic signs of vitamin B-12 deficiency but leave
the neurologic symptoms unaltered (3).

Both vitamin B-12 and folate are involved in a common metabolic
pathway supplying essential methyl groups for DNA and protein syn-
thesis (2). Vitamin B-12 acts as a cofactor for methionine synthase, the
enzyme that remethylates homocysteine to methionine by using
Smethyltetrahydrofolate as a methyl donor. Deficiency of either folate
or vitamin B-12 results in increased serum total homocysteine (tHcy)
concentrations. Vitamin B-12 also acts as a cofactor for methyl-
malonyl-CoA mutase, which converts methylmalonyl-CoA to suc-
cinyl-CoA; hence, deficiency of vitamin B-12 results in elevated serum
concentrations of methylmalonic acid (MMA). Consequently, elevated
concentrations of MMA have been suggested to indicate vitamin B-12
deficiency, whereas elevated concentrations of tHcy may indicate either
vitamin B-12 or folate deficiency (2, 4-7). There is no consensus, how-
ever, on the cutoffs of tHcy or MMA to use to define vitamin B-12 defi-
ciency in an elderly population in which impaired renal function can
be an important confounding factor. The aims of this study were /) to
determine the prevalence of individuals at high risk of vitamin B-12
deficiency, 2) to determine the prevalence of individuals at high risk of
folate deficiency, and 3) to compare the utility of tHcy with that of
MMA when used together with vitamin assays to identify persons at
high risk of vitamin B-12 deficiency defined by borderline serum con-
centrations of vitamin B-12 and elevated metabolite concentrations.

SUBJECTS AND METHODS
Study population

The Oxford Healthy Aging Project was a component of the
Medical Research Council Cognitive Function and Aging Study

! From the Clinical Trial Service Unit (RC and PS), the Division of Clinical
Geratology (JB and JGE), and the University Department of Pharmacology
(CJ),University of Oxford, Oxford, United Kingdom; the Department of Phar-
macology (HR) and the Locus for Homocysteine and Related Vitamins (PMU
and JS), University of Bergen, Bergen, Norway; the Department of Biochem-
istry, Trinity College Dublin (JM and JMS); and the Department of Clinical
Chemistry, Aarhus University Hospital, Aarhus, Denmark (EN).

2 Supported by the EU Commission Demonstration Project (contract no.
BMH4-98-3549) and by grants from the Medical Research Council, the Cloth-
workers’ Foundation, and the Department of Health, London.

3 Address reprint requests to R Clarke, Clinical Trial Service Unit and Epidemi-
ological Studies Unit, Nuffield Department of Clinical Medicine, Radcliffe Infir-
mary, Oxford OX2 6HE, United Kingdom. E-mail: robert.clarke @ctsu.ox.ac.uk.

Received September 5, 2001.

Accepted for publication October 30, 2002.

Am J Clin Nutr 2003;77:1241-7. Printed in USA. © 2003 American Society for Clinical Nutrition 1241

6002 ‘ZT J8qWaA0N uo 1da@ sfeaipouad/qr 100 Alull 1e 610 ushe:Mmmm woJj papeojumoqd


http://www.ajcn.org

@ The American Journal of Clinical Nutrition

1242 CLARKE ET AL

TABLE 1
Selected characteristics of the study population by age and sex’
Men Women
<75y >75y <75y 275y P value
(n =285) (n=333) (n=354) (n=530) Sex Age Interaction
Age (y) 71.8+£2.0 81.8+4.6 71.9+2.0 82.0+49 — — —
Folate (nmol/L) 16.6 £ 14.5 145+13.2 162+ 13.2 159+ 15.1 0.48 0.11 0.26
Vitamin B-12 (pmol/L) 262+92 255 £ 161 298 £ 119 272 £ 130 0.0001 0.02 0.15
Homocysteine (pmol/L) 13.1£42 16.4+7.4 122 +4.6 15.6 £7.0 0.1 <0.0001 0.90
MMA (pmol/L) 0.30 £ 0.21 0.42 +£041 0.29+0.18 0.40+0.33 0.37 <0.0001 0.79
Creatinine (pmol/L) 102.2+17.9 110.3 +£24.0 91.7+18.0 96.7 £22.5 <0.0001 <0.0001 0.15
Hemoglobin (g/L) 141 £13 137+£13 132+11 127+ 13 <0.0001 <0.0001 0.39
MCV (fL) 91.0+5.1 90.1 £5.1 89.6£5.0 89.3+59 <0.0001 0.37 0.97

'X + SD. MMA, methylmalonic acid; MCV, mean corpuscular volume.

carried out in 6 centers throughout Great Britain (8). The study
population involved a random sample of 2740 persons who were
residents of Oxford City and were aged =65 y when first examined
between 1991 and 1994. The sample was drawn from general prac-
tice registers to provide equal numbers of individuals aged 65-74
and >75 y. All participants took part in a structured interview in
their own homes. The data collected included information on med-
ical history (including pernicious anemia), smoking habits, use of
multivitamin supplements, and other aspects of health and lifestyle.
Blood samples were collected from 1670 persons (68% of the sur-
vivors; 219 subjects died before blood samples were obtained)
~6-12 mo after the interview. A blood sample was collected into
a plain evacuated serum tube for vitamin and metabolite assays and
into an additional evacuated tube containing EDTA for a full blood
count. Laboratory data were incomplete for 108 persons, leaving
valid data for 1562. The blood samples were transported to the lab-
oratory in an insulated box, in which samples were stored at
—20°C for 0.5-2 h before centrifugation. Whole blood samples
were centrifuged immediately (3000 X g, 10 min, 24 °C) on arrival
in the laboratory, and serum samples were stored at —80 °C. All
participants provided their written informed consent to take part in
the study, and the Central Oxford Research Ethics Committee
approved the study protocol, including the blood collection.

Laboratory methods

Serum tHcy concentrations were measured by using a fluores-
cence polarization immunoassay (FPIA; AXIS-Shield, Oslo) and
an Abbott IMx autoanalyzer (Abbott Laboratories, Chicago) in
Oxford (9). The CV for the FPIA tHcy assays (10) was <3.5%.
The laboratory participated in an external quality-control scheme,
and the tHcy determinations for the Oxford laboratory were con-
sistently within 95% of the mean (11). Repeat tHcy determina-
tions were made for a sample of 400 individuals by gas chro-
matography—mass spectrometry (GCMS) at the University of
Bergen (12), and the correlation coefficient between the GCMS
and FPIA tHcy assays was 0.99. MMA assays were carried out
by GCMS at the University of Bergen (12). Serum folate was
measured by a microbiological method at Trinity College Dublin
(13). Vitamin B-12 determinations were made by a competitive
protein binding assay at Aarhus University Hospital, Denmark,
on an ACS Centaur with an automated chemiluminescence detec-
tion system (Bayer A/S, Tarrytown, NY) that had an analytic
imprecision of < 10%.

Individuals were classified as being at high risk of vitamin B-12
deficiency if they had low vitamin B-12 (< 150 pmol/L) or

borderline vitamin B-12 (150-200 pmol/L) concentrations accom-
panied by elevated MMA (>0.35 pwmol/L) or elevated tHcy
(> 15 pmol/L) concentrations. Individuals were classified as being
at high risk of folate deficiency if they had low folate (<5.0 nmol/
L) or borderline folate (5—7 nmol/L) concentrations accompanied
by elevated tHcy concentrations (> 15 pmol/L; see Discussion).
Anemia was defined as hemoglobin concentrations <130 g/L in
men and < 120 g/L in women.

Statistical analysis

Continuous variables are presented as means and SDs. Differ-
ences in the mean values of biochemical indexes were compared
by analysis of covariance or tests for linear trend across groups.
Associations of tHcy or MMA with age, sex, folate, vitamin B-12,
and creatinine were assessed by analysis of covariance with the
general linear models in SAS for PC, version 8.1 (SAS Institute
Inc, Cary, NC).

RESULTS

Blood concentrations of vitamins and metabolites

Among the 1562 persons examined, 33 (2%) who had self-
reported pernicious anemia were excluded. Only 17 persons
reported having vitamin B-12 injections at the time of blood
collection, including 12 with pernicious anemia, and these sub-
jects were excluded. Four persons with extreme elevations of
serum vitamin B-12 ranging from 10 000 to 40 000 pmol/L were
also excluded from the analyses. Selected characteristics of the
study population are shown separately by age and sex in
Table 1. The mean serum concentrations of tHcy, MMA, and
creatinine were higher in the older age group than in the
younger age group (P < 0.001). Mean vitamin B-12 concentra-
tions were lower in men than in women (P < 0.001), and mean
creatinine and hemoglobin concentrations were higher in men
than in women (P < 0.001). There were no significant age-by-sex
interactions for vitamin or metabolite concentrations.

tHcy and MMA according to folate, vitamin B-12, and
creatinine concentrations

Shown in Table 2 are the mean serum values of folate, vitamin
B-12, tHecy, MMA, and creatinine according to quintiles of folate,
vitamin B-12, and creatinine in men and women separately. The
absolute differences in mean tHcy concentrations for the highest
(quintile 5) and lowest (quintile 1) quintiles of folate were of
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TABLE 2
Distribution by sex of mean concentrations of serum folate, vitamin B-12, total homocysteine (tHcy), methylmalonic acid (MMA), and creatinine by
quintiles of serum folate, vitamin B-12, and creatinine’

Folate (nmol/L) Vitamin B-12 (pmol/L) tHey (umol/L) MMA (pmol/L)
Men ‘Women Men Women Men Women Men ‘Women Men Women

Creatinine (pmol/L)

Quintiles of folate

1 49+13 51+£13 246+89 264+107 18.0+89 16.1+64 0.39+035 036+£028 104+23 93+23
2 8.0+£0.7 82+08 282+235 273+£114 153+6.8 156+£83 036+0.33 0371034 107+24 95124
3 112+£12 114+£1.1 263+105 283+100 142+4.0 140+53 039£048 0.31+0.18 10618 95+19
4 162+2.0 17.1+£23 246+73 271+87 140+45 133+56 0341022 0351026 107+21 95+20
5 36.8 £ 18 395+£22.1 260+89 326+186 12.8+4.7 124+49 0.32£0.23 0.37+031 108+21 95+19
Difference (5 — 1) 31.9 344 14 62 —=5.2 —-3.7 —0.07 0.01 4 2
P for trend — — 0.10 <0.001  <0.001 <0.001 0.03 0.36 0.17 0.14
Quintiles of vitamin B-12
1 148 £13 140+ 11.1 148+£23 156 +29 182+9.7 17.0+86 0.53%£0.50 0.51+044 106+24 93+25
2 1441153 152+16.7 200+11 215+12 144+44 149+£58 032%+0.17 035+021 102+58 94+18
3 149£119 147+£103 240+12 26015 146£49 144£6.6 037036 033£0.25 108£19 96+22
4 16.8 +12.8 164+13.1 285+17 31719 13.8+49 129+44 029%+0.16 030%£0.22 108+23 96+20
5 16.1 £154 20.1+229 424+207 467+145 134%4.6 122+43 029£0.30 0.27%£0.10 108£23 94+19
Difference (5 — 1) 1.3 6.1 276 311 —4.8 —4.8 —0.24 -0.24 2 1
P for trend 0.15 <0.001 — — <0.001 <0.001 <0.001 <0.001 0.16 0.62
Quintiles of creatinine
1 150£153 133+£104 252+98 280122 123+4.6 11.3+43 033+£033 026%£0.14 808 71%9
2 159+14.6 19.0+193 245+77 2791106 13.4+45 129+46 0331034 033+022 94+3 84+2
3 150£122 16.0+14.7 252+79 281122 139%4.1 135+64 034£036 033£0.27 1043 92%2
4 16.1£11.8 173+16.6 262+112 300+ 140 16.1+6.2 147+42 034+0.18 036%+0.19 114+3 101£3
5 150£12.0 157+12.1 286+219 275+105 18779 19.0+7.7 046%£0.35 048+041 139+18 12520
Difference (5 — 1) 0 2.4 34 =5 6.4 7.7 0.13 0.22 59 54
P for trend 0.5 0.08 0.21 0.74 <0.001 <0.001 <0.001 <0.001 — —

!X £ SD. n = 631 men and 903 women.

approximately similar magnitude as the corresponding absolute
difference between the highest (quintile 5) and lowest (quintile 1)

Cutoffs for elevated tHcy and MMA
The distribution of both tHcy and MMA in the overall popu-

quintiles of vitamin B-12. The absolute differences in mean tHcy
concentrations between the highest and lowest quintiles of creati-
nine were greater than those for either of the vitamins. The
absolute differences in mean MMA concentrations between the
highest and lowest quintiles were greater for vitamin B-12 than
for creatinine.
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lation and in the subset with serum creatinine concentrations
<100 pmol/L (n = 842) is shown in Figure 1. The distribution
of both metabolites was shifted down in the subset with creati-
nine concentrations < 100 wmol/L. In addition, the 50th, 75th,
and 95th percentiles are shown for tHcy and for MMA in the
overall population (n = 1502) and in a subset with normal renal
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FIGURE 1. Distribution of total homocysteine (tHcy) and of methylmalonic acid (MMA) for the overall population (H) and for the subset with serum
creatinine concentrations < 100 wmol/L ([J). The vitamin B-12 categories for each metabolite are <150, 150 to <200, 200 to <250, 250 to <300, 300 to
<350, and 2350 pmol/L. The percentile cutoffs for tHcy and MMA in the overall population and in the subset with normal renal function are shown in the
text box. The cutoffs used to define elevated tHcy and MMA concentrations are represented by the dotted lines.
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TABLE 3
Distribution by age and sex of vitamins and metabolites according to vitamin B-12 status’
Men Women
Vitamin B-12 Vitamin B-12
150 to <200 pmol/L 150 to <200 pmol/L
Vitamin B-12 MMA MMA Vitamin B-12 Vitamin B-12 MMA MMA Vitamin B-12
Age and variable 2200 pmol/L  <0.35 pmol/L 20.35 pwmol/L <150 pmol/L. 2200 pmol/L <0.35 pmol/L. 20.35 pmol/L. <150 pmol/L
65-74 'y
[n (%)] 213 (75) 41 (14) 13 (5) 18 (6) 290 (82) 32(9) 14 (4) 18 (5)
Age (y) 71.7 2.0 714 +2.1 726+ 1.8 722+15 71.8+2.0 719+ 1.7 724+2.0 726%1.6
Vitamin B-12 (pmol/L) 295 + 83 177+ 15 169 + 14 130+ 15 328 £ 110 180+ 13 174 £ 15 125 £ 24
Folate (nmol/L) 17.1£15.5 149 +£10.3 16.5+16.2 142+103 16.6 +13.7 13.6£83 126 £79 18.3 £14.5
MMA (pmol/L) 0.27 £0.16 0.25 £ 0.06 0.62+046 047+040 0.26%0.11 0.24 +0.05 059+0.24 0.52£0.52
Homocysteine (mol/L) 12.8 £4.0 12.5+4.7 16.6 £5.5 144 %43 11.8+£3.8 122+£38 1871172 145£8.5
Creatinine (pumol/L) 103+ 18 99 + 15 106 + 26 100 + 14 92+18 89+ 16 97 +£24 86+ 18
Elevated MMA (%) 15 0 100 39 11 0 100 39
Elevated tHcy (%) 23 12 62 33 14 22 64 28
Anemia (%) 14 7 15 33 10 6 14 11
275y
[ (%)] 216 (65) 36 (11) 41 (12) 40 (12) 390 (74) 48 (9) 54 (10) 38 (7)
Age (y) 81.6£4.7 81.4+38 82.4+4.1 83.1+£4.8 824+£5.0 82.3+4.6 83.6+4.7 82.1+45
Vitamin B-12 (pmol/L) 307 £ 179 181+ 14 177 + 16 127+ 18 312+ 129 176 + 16 174 + 14 120 £ 28
Folate (nmol/L) 143+11.4 13.0£9.5 19.0 £23.0 122+£109 16.6*16.2 13.7£10.0 13.8+12.7 13.7%£10.1
MMA (pmol/L) 0.36 £0.36 0.26 = 0.05 052+0.19 0.76+0.73 035%£0.25 0.28 £0.06 0.68+£0.46  0.66 =0.56
Homocysteine (pmol/L) 15.1+5.2 149 %58 17.6 £4.7 235+140 148x6.1 143+4.7 195+6.7 19.7+13.2
Creatinine (pmol/L) 112 +24 101 + 17 116 +29 104 +25 98 +21 91 £20.0 96+ 18 96 + 39
Elevated MMA (%) 29 0 100 60 28 0 100 68
Elevated tHcy (%) 38 42 71 75 37 35 72 68
Anemia (%) 25 8 27 45 20 21 31 34

"MMA, methylmalonic acid; tHcy, total homocysteine.
‘X +SD.

function. These data show that as vitamin B-12 concentrations
declined from adequate to impaired status, the concentrations of
tHcy and of MMA transitioned from a stable low level to an ele-
vated level. A cutoff of >15.0 wmol/L (80th percentile in the
subset with normal renal function) was used to distinguish per-
sons with elevated tHcy concentrations from those with normal
concentrations. A cutoff of >0.35 pmol/L (80th percentile in the
subset with normal renal function) was used to define elevated
MMA concentrations. In individuals with low or borderline
vitamin B-12 concentrations, elevated concentrations of MMA
or of tHcy can be used to identify persons with functional or
metabolically significant vitamin B-12 deficiency. Hence, per-
sons were defined as being at high risk of vitamin B-12 deficiency
if they had either vitamin B-12 concentrations of < 150 pmol/L or
vitamin B-12 concentrations of <200 pmol/L accompanied by a
tHcy concentration > 15 pmol/L or an MMA concentration
>0.35 wmol/L.

As shown in Table 2, the pattern for folate was similar to that
for vitamin B-12. Hence, persons were also defined as being at
high risk of folate deficiency if they either had folate concentra-
tions <5.0 nmol/L or folate concentrations < 7.0 nmol/L accom-
panied by a tHcy concentration > 15.0 wmol/L.

Prevalence of vitamin B-12 deficiency

The distribution of vitamin B-12 concentrations for each age-
and sex-specific category separately is shown in Table 3. In
younger men, the prevalences of normal (=200 pmol/L), border-
line (150 < 200 pmol/L), or low (< 150 pmol/L) vitamin B-12
concentrations were 75%, 19%, and 6%, respectively. Among
these categories, the proportion with elevated concentrations of

MMA and elevated concentrations of tHcy was inversely related
to the vitamin B-12 concentration. In older men, there was a
downward shift in the distribution of vitamin B-12 values in the
respective vitamin B-12 categories (65%, 23%, and 12%) and
higher proportions in each category with elevated concentrations
of tHcy and MMA. Thus, among men aged 65-74 and =275 vy,
~10% and 20%, respectively, were at high risk of vitamin B-12
deficiency. The prevalence in the corresponding vitamin B-12
categories was 82%, 13%, and 5% in the younger women and
74%, 19%, and 7% in the older women. Thus, 9% of the women
aged 65-74 y and 17% of the women aged =75 y were at high
risk of vitamin B-12 deficiency.

The proportion with anemia increased with increasing severity
of vitamin B-12 deficiency, although whether these associations
were causally related to vitamin B-12 cannot be established from
these analyses. Individuals classified as being at high risk of vita-
min B-12 deficiency on the basis of elevated MMA (>0.35 wmol/L)
had a 2- to 3-fold higher prevalence of anemia than did individu-
als with borderline vitamin B-12 concentrations. About 10% of
persons with low vitamin B-12 or at high risk of vitamin B-12
deficiency also had low folate concentrations.

tHcy compared with MMA for identifying persons at high
risk of vitamin B-12 deficiency

As shown in Figure 2, the proportion of persons with elevated
tHcy and elevated MMA increased with decreasing concentra-
tions of vitamin B-12. The associations were approximately lin-
ear and graded, and the pattern was similar for both metabolites.
MMA concentrations were closely correlated with tHey (r = 0.49)
in the overall population, but the agreement between these was
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greater (r = 0.61) among those with vitamin B-12 concentrations
<150 pmol/L.

The proportion of persons with elevated concentrations of tHcy
and of MMA for age- and sex-specific categories separately is
shown in Table 3. In both the younger men and the younger
women, about one-third of those with low vitamin B-12 concen-
trations had elevated tHcy or elevated MMA concentrations.
Among the older persons, about two-thirds of those with low vita-
min B-12 concentrations had elevated tHcy or elevated MMA con-
centrations. Almost two-thirds of the younger population and
three-quarters of the older population with elevated concentrations
of MMA also had elevated concentrations of tHcy.

Shown in Figure 3 are the tHcy results plotted by each indi-
vidual’s corresponding vitamin B-12 concentration in the subset
with vitamin B-12 concentrations <200 pmol/L and according to
the presence or absence of elevated MMA. As shown in the figure,
some misclassification of functional vitamin B-12 deficiency for
folate deficiency would persist between those defined by elevated
MMA or tHey concentrations, irrespective of which cutoffs were
used to classify elevated tHcy concentrations. The conventional
criteria used to detect low vitamin B-12 concentrations
(< 150 pmol/L) would identify those individuals in the left 2 quad-
rants, and the use of elevated tHcy (> 15.0 wmol/L) among those
with vitamin B-12 concentrations <200 pmol/L would identify
those individuals in the top 2 quadrants. However, use of this cut-
off for tHcy would still misclassify those individuals in the lower
right quadrant as not having vitamin B-12 deficiency even though
they had elevated MMA concentrations (see Discussion).

Prevalence of folate deficiency

The distribution of folate concentrations for each age- and sex-
specific category separately is shown in Table 4. The prevalence
of those with borderline folate concentrations are combined for
some age- and sex-specific analyses. In the younger men, the
prevalences of those with normal (= 7.0 nmol/L), borderline (5.0
< 7.0 nmol/L), or low (< 5.0 nmol/L) folate concentrations were
80%, 13%, and 7% of the population, respectively; among these,
22%, 24%, and 40% had elevated tHcy concentrations. In the

Vitamin B-12 (pmol/L)

FIGURE 3. Distribution of individuals with normal (<0.35 wmol/L;
O) and elevated (=0.35 pmol/L; W) serum methylmalonic acid concen-
trations according to their serum vitamin B-12 and total homocysteine
(tHcy) concentrations.

older men, there was a downward shift in the distribution of folate
concentrations, with 77%, 12%, and 11%, respectively, in the cor-
responding folate categories and a higher proportion in each cat-
egory with elevated tHcy concentrations. Among the women, the
prevalence of folate deficiency was similar to that in the men. The
proportions with anemia were inversely related to the severity of
folate deficiency, although whether these associations were
causally related to folate cannot be established from these analy-
ses. Among those with borderline folate concentrations, the
prevalence of anemia was more than two-fold higher among indi-
viduals with elevated tHcy than in those without it, but the dif-
ference was less pronounced in those aged =75 y. Thus, among
persons aged 65-74 and 275 y, =10% and 20%, respectively,
were at high risk of folate deficiency. Overall, =10% of the
younger age group with low folate and 20% of the older age
group with low folate also had low vitamin B-12 concentrations
(vitamin B-12 < 150 pmol/L).

DISCUSSION

Functional vitamin B-12 deficiency

Deficiencies of both vitamin B-12 and folate are common in
older people, and the prevalence of both vitamin deficiencies
increases with age. The results of the present study showed that
the prevalence of vitamin B-12 deficiency was higher in men than
in women, which is consistent with previous reports (14, 15).
Concentrations of tHcy and MMA were elevated among those
who had the lowest vitamin B-12 concentrations. Hence, use of
either tHcy or MMA among those with borderline vitamin con-
centrations may identify those with functional deficiency and
those for whom treatment is indicated. Among persons aged 65-74
and =75y, respectively, =5% and 10% had low vitamin B-12 con-
centrations and 10% and 20% were at high risk of vitamin B-12
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TABLE 4
Distribution by age and sex of vitamins and metabolites according to folate status’
Men Women
Folate 5.0 to <7.0 nmol/L. Folate 5.0 to <7.0 nmol/L
Folate tHey tHey Folate Folate tHey tHey Folate
Age and variable 27.0 nmol/L.  <15.0 wmol/L. 215.0 wmol/L <5.0 nmol/L. 27.0 nmol/L  <15.0 wmol/L  >15.0 pmol/L  <5.0 nmol/L.
65-74y
[n (%)] 228 (80) 28 (10) 9(3) 20 (7) 290 (82) 35 (10) 8(2) 21 (6)
Age (y) 71.7 £ 2.0 722+1.8 706 %15 71.7+2.1 720%19 715%£23 722+19 712+19
Vitamin B-12 (pmol/L) 264 +£93 243+ 72 248 +79 273 £ 117 301 +£119 292 £ 110 354 £ 185 255+97
Folate (nmol/L) 19.4+15.0 6.0x£0.7 6.0+0.7 3.8+£09 18.7+13.4 6.0£0.6 59%05 4.0%£0.9
MMA (pmol/L) 0.29 £0.22 026+0.09 043+£021 031%£026 029+£0.19 0.24+£0.07 035%£0.13  0.35+0.20
Homocysteine (pmol/L) 12.8 £3.9 11.9+2.0 21664 144+52 12.1 +4.6 10.8 £ 2.1 192+ 1.6 13.1+£5.5
Creatinine (pmol/L) 103 + 18 99 + 17 105 £23 99 + 20 92+ 17 87+ 14 112 £ 37 91 +27
Elevated MMA (%) 18 11 44 15 13 9 38 33
Elevated tHcy (%) 22 0 100 40 18 0 100 19
Anemia (%) 14 4 22 25 10 6 12 14
275y
[n (%)] 256 (77) 12 (4) 30 (9) 35(11) 407 (77) 39(7) 46 (9) 38 (7)
Age (y) 82.0x45 80.0x£3.8 81.1+£45 823x54 824149 822154 84.4+£4.6 81.7+£48
Vitamin B-12 (pmol/L) 263 + 178 236 + 69 220+70 240 +91 280 + 138 243 £ 90 22777 272 £ 115
Folate (nmol/L) 17.4 +13.8 6.0+0.6 58+0.5 3.7+1.0 19.1+15.8 6.0+0.6 59+0.5 35+1.1
MMA (pmol/L) 041041 025+£0.07 048+£029 049x055 040x033 031x0.15 043+£0.19 0.48+0.50
Homocysteine (wmol/L) 152£59 114£19 225+8.7 21.7£11.0 15.0%£7.1 127+£1.8 203+£49 19.4£83
Creatinine (pumol/L) 111+£23 91+15 116 £29 104 £23 97+23 92+ 17 99 + 21 94 +26
Elevated MMA (%) 38 8 47 46 34 15 61 45
Elevated tHcy (%) 39 0 100 77 39 0 100 58
Anemia (%) 26 25 30 23 20 23 33 34

! tHcy, total homocysteine; MMA, methylmalonic acid.
2x + SD.

deficiency. The present study was carried out in a population
without folic acid fortification of flour. Among persons in this
population aged 65-74 and =75 vy, respectively, =10% and 20%
were at high risk of folate deficiency.

Selection of cutoffs for MMA and tHcy

There is no consensus on appropriate cutoffs for elevated tHcy
or elevated MMA for the diagnosis of vitamin B-12 deficiency.
Previous studies defined cutoffs by using means or medians or as
being >2 SDs (the 95th percentile) or >3 SDs (the 99th per-
centile) above the mean in younger populations and applied these
cutoffs to older populations. The present study adopted cutoffs
that took account of both age and renal function. The study
showed an inverse association that was approximately linear and
graded in the proportions with elevated tHcy and elevated MMA
with decreasing concentrations of vitamin B-12. However, there
was an inflexion point of >15.0 pmol/L for tHcy and
>0.35 pmol/L for MMA (ie, about the 80th percentile for tHecy
and for MMA in the subset with normal creatinine concentra-
tions) that could be used to distinguish individuals with elevated
concentrations from those with normal concentrations. Thus,
these cutoffs for tHcy or MMA were used among those with vita-
min B-12 <200 pmol/L to define individuals as being at high risk
of vitamin B-12 deficiency. In clinical practice, measurement of
either tHcy or MMA (or both) in individuals with vitamin B-12
concentrations <200 pmol/L on a single measurement at screen-
ing would exclude concerns about false-positive low vitamin B-12
concentrations. However, it is recommended that tHcy and crea-
tinine be measured in all patients with borderline vitamin B-12
concentrations. If tHcy concentrations are elevated, it would be

prudent to measure vitamin B-12 again in a subsequently col-
lected blood sample before the start of treatment.

MMA compared with tHcy

The present study showed that the severity of vitamin B-12
deficiency is correlated with both elevated MMA and elevated
tHcy concentrations. About three-quarters of those aged =275 y
who had elevated MMA concentrations also had elevated tHcy
concentrations. Analysis of the tHcy results for individuals
showed that some misclassification is likely to persist between
these metabolites, irrespective of which cutoffs are used for tHcy
or MMA. Measurement error involving either metabolite may
account for some of this misclassification of functional vitamin
B-12 deficiency. It is not possible to compare the predictive value
of elevated tHcy or elevated MMA for vitamin B-12 deficiency in
the absence of some gold standard for diagnosis of vitamin B-12
deficiency. It is not appropriate to regard elevated MMA as a gold
standard, because =~15-30% of persons with high vitamin B-12
concentrations also had elevated MMA concentrations, which may
reflect renal impairment rather than true vitamin B-12 deficiency.
The ultimate gold standard for vitamin B-12 deficiency may be
the reduction in tHey or MMA concentrations and improvement in
clinical symptoms or signs in response to vitamin B-12 treatment.

The present study suggests a possible algorithm that could be
adopted to screen for vitamin B-12 deficiency, commencing with
measurement of vitamin B-12 and folate. If individuals have a
vitamin B-12 concentration < 150 pmol/L, more detailed investi-
gation is required to find an underlying cause and treatment. If
individuals have a vitamin B-12 concentration between 150 and
200 pmol/L, then use of tHcy or MMA may help to identify those
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who require more detailed investigation and treatment. If MMA
assays are too expensive or unavailable, the results of the present
study suggest that elevated tHcy concentrations would detect
about three-quarters of those identified by elevated MMA.

Implications for public health

Previously, screening for vitamin B-12 deficiency was indicated
only for the evaluation of those with relevant symptoms and signs,
such as anemia, neuropathy, or cognitive impairment. However,
in view of the high prevalence of vitamin B-12 and folate defi-
ciency reported in this population without folic acid fortification
of flour, routine screening of older persons (particularly those
aged 275 y) for vitamin B-12 or folate deficiency may be indi-
cated. In populations where all cereal grain products are fortified
with folic acid (16—18) or where this is currently being considered
(19), screening for vitamin B-12 deficiency may be particularly
relevant. Concerns about the effect of folic acid fortification on
neurologic complications among individuals with vitamin B-12
deficiency persist, and range from a delay in diagnosis of vitamin
B-12 deficiency to an exacerbation of either peripheral neuropa-
thy (20-22) or neuropsychiatric complications associated with
vitamin B-12 deficiency (23).

Elevated homocysteine concentrations have been also associ-
ated with increased risk of coronary heart disease, stroke, and
dementia (23, 24). The results of ongoing large-scale trials of folic
acid—based vitamin supplements are required to assess the rele-
vance of lowering tHcy concentrations for the prevention of car-
diovascular disease (25). Almost all of these trials include high-
dose oral vitamin B-12 supplements and measure vitamin B-12
and folate at enrollment. Such trials should provide evidence about
the relevance of lowering tHcy concentrations for vascular and
nonvascular outcomes in persons with various concentrations of
vitamin B-12 and folate before the start of treatment.

We gratefully acknowledge the help of Ingrid Altheim, Christina Westby,
Knut Laake, and Frode Engbaek.
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