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Abstract: Vitamin B12 deficiency is associated with cognitive impairment, hyperhomocysteinemia,
and hippocampal atrophy. However, the recovery of cognition with vitamin B12 supplementa-
tion remains controversial. Of the 1716 patients who visited our outpatient clinic for dementia,
83 had vitamin B12 deficiency. Among these, 39 patients (mean age, 80.1 ± 8.2 years) had under-
gone Mini-Mental State Examination (MMSE) and laboratory tests for vitamin B12, homocysteine
(Hcy), and folic acid levels. The hippocampal volume was estimated using the z-score of the
MRI-voxel-based specific regional analysis system for Alzheimer’s disease. This is multi-center,
open-label, single-arm study. All the 39 patients were administered vitamin B12 and underwent
reassessment to measure the retested for MMSE and Hcy after 21−133 days (median = 56 days,
interquartile range (IQR) = 43–79 days). After vitamin B12 supplementation, the mean MMSE score
improved significantly from 20.5 ± 6.4 to 22.9 ± 5.5 (p < 0.001). Hcy level decreased significantly
from 22.9 ± 16.9 nmol/mL to 11.5 ± 3.9 nmol/mL (p < 0.001). Significant correlation was detected
between the extent of change in MMSE scores and baseline Hcy values. The degree of MMSE score
was not correlated with hippocampal atrophy assessed by the z-score. While several other factors
should be considered, vitamin B12 supplementation resulted in improved cognitive function, at least
in the short term, in patients with vitamin B12 deficiency.

Keywords: vitamin B12; homocysteine; cognitive impairment; MMSE; hippocampal atrophy; MRI-VSRAD

1. Introduction

Cognitive impairment is a progressive disease that puts a heavy burden on patients,
their families, and society in today’s aging society. Changes in the prevalence of dementia
can alter social costs [1]. Most causes of cognitive impairment are not easy to treat, such
as Alzheimer’s disease (AD), vascular dementia (VaD), dementia with Lewy body disease
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(DLB), and frontotemporal dementia. However, vitamin deficiencies, including folate or
vitamin B12, are expected to inhibit the progression of cognitive impairment by vitamin
administration [2,3] Although the prevalence of vitamin B12 shortage among all patients
with dementia is not high [4,5], it should not be overlooked.

As humans cannot synthesize vitamin B12, it is essential to consume animal prod-
ucts that contain vitamin B12. Vitamin B12 deficiency is caused by impaired intake and
absorption in the digestive tract. Vitamin B12 deficiency causes cognitive impairment,
macrocytic anemia, and peripheral neuropathy. Hcy is converted to methionine by me-
thionine synthase (Figure 1). Methionine synthase uses vitamin B12 as a cofactor. Vitamin
B12 deficiency can cause hyperhomocysteinemia (HHcy). Folate is also a cofactor involved
in the remethylation of Hcy [2,6]. Hcy is also transformed Hcy into cysteine by vitamin
B6. Deficiency in folate and vitamin B6 can also cause HHcy. Vitamin B12 is not directly
involved in nucleic acid synthesis; however, its deficiency results in the impairment of
tetrahydrofolate synthesis, which in turn impairs nucleic acid synthesis [6–8].

Figure 1. Schematic representation of Homocysteine (Hcy) metabolism. Vitamin B12 and folate are
cofactors in one-carbon metabolism, and they facilitate Hcy remethylation. Vitamin B12 and folate
shortage prevents the conversion of Hcy to methionine and leads hyperhomocysteinemia (HHcy).
Vitamin B6 shortage prevents the transfer of Hcy to cystathionine and induce HHcy, too. THF, tetrahy-
drofolate; Vit B12, vitamin B12; 5-Methyl THF, 5-methyltetrahydrofolate; Vit B2, vitamin B2; MTHFR, 5,
10-methylenetetrahydrofolate reductase; 5, 10-Methylene THF, 5, 10-methylenetetrahydrofolate; MS,
methionine synthase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; Vit B6, vitamin B6;
BHMT, betaine Hcy methyltransferase; DMG, dimethylglycine.

Figure 1 shows the vitamin B12 and the homocysteine (Hcy) metabolic pathway.
Vitamin B12 is a coenzyme involved in the remethylation of Hcy. Vitamin B12 deficiency
causes hyperhomocysteinemia. Vitamin B12 deficiency also impairs nucleic acid synthesis.

Vitamin B12 deficiency can cause oxidative stress via the following mechanisms:
vitamin B12 deficiency causes HHcy (Figure 1), and an increase in the Hcy level can lead
to oxidative stress. Furthermore, vitamin B12 deficiency induces a reduction in reactive
oxygen species (ROS) scavenging, indirectly induces a reduction in glutathione levels
(Figure 1), and disturbs immune reaction regulation by altering the expression of cytokines
and growth factors with consequent mild inflammatory reactions [9]. HHcy causes asymp-
tomatic brain damage due to oxidative stress [8], atherosclerosis [7], and brain atrophy.
HHcy is associated with AD [3,6,8–14], VaD [12,15,16], Parkinson’s disease [17,18], and
stroke [12,19,20]. Low vitamin B12 levels have been written to be associated with HHcy,
which in turn is related to cognitive impairment [21,22] and brain atrophy, including in
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the hippocampus [23]. However, the efficacy of vitamin B12 supplementation in cognitive
recovery remains controversial. Some meta-analyses have reported that vitamin B12 im-
proves cognitive impairment [24]. However, other clinical trial [25] and meta-analyses have
reported that vitamin B12 did not improve cognitive impairment [26–28]. The association
between Hcy reduction, B12 supplementation, and cognition is inconclusive. In the previous
clinical trial and meta-analysis, the included participants were not limited to persons with
only vitamin B12 deficiency. Furthermore, in the previous studies, not only was vitamin B12
administered but folate or vitamin B6 was also administrated. Therefore, we explored the
effects of only vitamin B12 administration on cognitive impairment in patients with vitamin
B12 deficiency and without folate deficiency. We also examined the correlation between
hippocampal atrophy, cognitive decline, and Hcy levels.

2. Materials and Methods
2.1. Ethics, Approval, and Consent to Participate in This Research

This is multi-center, open-label, single-arm study. Patients seen at the outpatient
dementia clinic at the University of Fukui Hospital or the Nakamura Hospital from January
2008 to December 2021 were included in the study. Medical history and oral medications,
including vitamin supplementation, were also recorded. Clinical tests were performed for
vitamins B12, B1, folic acid, Hcy, mean corpuscular volume (MCV), thyroid function, Mini-
Mental State Examination (MMSE), and brain magnetic resonance imaging (MRI). The sen-
sitive markers of vitamin B12 deficiency, including holotranscobalamin and methylmalonic
acid, were not assessed in this study. Participants with low vitamin B12 levels (<172 pmol/L)
were included in the study, and vitamin B12 (1500 µg/day) was administered via methyl-
cobalamin tablets (Eisai Co., Ltd., Tokyo, Japan). The MMSE and serum Hcy level were
reassessed after 21–133 days (median = 56 days, interquartile range (IQR) = 43–79 days) fol-
lowing the initiation of the vitamin B12 supplementation. A follow-up MMSE measurement
was performed at 0.5, 1, or 2 years later (Supplementary Figure S1).

This study was approved by the Institutional Review Board of the University of
Fukui (20180092). All human materials were taken following the standards outlined in the
Declaration of Helsinki principles of 1975, as revised in 2008 (http://www.wma.net/en/10
ethics/10helsinki/ (accessed on 1 February 2022)).

2.2. Blood Tests

The ADVIA Centaur XP Immunoassay System (Siemens Healthcare Diagnostics Manu-
facturing Ltd., Dublin, Ireland) and its support equipment (Siemens Healthcare Diagnostics
Inc. Diagnostics Incorporated, New York, NY, USA) were used to determine vitamin B12
and folate concentrations on the same day. The Hcy value was quantified using an atmo-
spheric pressure ionization 3200 LC-MS/MS system (SCIEX, Tokyo, Japan) [2,28].

2.3. Scoring of Brain Atrophy by Z-Score of Voxel-Based Specific Regional Analysis System for
Alzheimer’s Disease (VSRAD)

All standard MRI examinations were performed using a 1.5 T or 3.0 T GE Signa
scanner at the University of Fukui Hospital or a 1.5 T GE-Healthcare Optima MR 360 at
Nakamura Hospital.

VSRAD evaluates the relative regional brain volume of individual patients by statisti-
cally comparing the 3D T1-weighted images of the whole brain obtained at approximately
1 mm with a database of brain images of healthy elderly people using voxel-based mor-
phometry. VSRAD is a free software widely used in Japan, and detailed information is
provided in our previous study [2].

VSRAD applies statistical parametric mapping (SPM) to evaluate the regional volume
of the brain of individual patients by statistically comparing it with a preloaded brain
imaging database of 80 normal controls aged 54−86 years. After tissue segmentation and
anatomical standardization, isotropic 8 mm cubic smoothing was performed to reduce
individual differences in brain function localization, improve the signal-to-noise ratio, and

http://www.wma.net/en/10ethics/10helsinki/
http://www.wma.net/en/10ethics/10helsinki/


Nutrients 2022, 14, 1494 4 of 14

make the count rate distribution of the image closer to the normal distribution. In the
statistical test on the image database of healthy subjects, z-scores, which indicate how many
standard deviations the gray matter volume and white matter volume of each patient are
from the mean volume of healthy subjects, were calculated for each brain region by the
average image and standard deviation image of the image database, and it appeared as a
color scale map in the subject’s brain. The test range was predetermined. The test range
was a fixed area that superimposed predetermined gray matter and white matter mask
images. In the VSRAD advance, the target region of interest was determined in the medial
temporal area, including the olfactory cortex, peach, and hippocampus, based on the results
of the group analysis using SPM between patients with early AD and age-matched normal
elderly patients. Atrophy (mean value of positive z-scores in the target area of interest) is
the standard index in the VSRAD advance. A score of 0 to 1 indicates almost no atrophy,
1 to 2 indicates some atrophy, 2 to 3 indicates considerable atrophy, and ≥3 indicates strong
atrophy [2,29,30].

2.4. Statistical Analysis

The data are uniformly presented as medians and IQRs. Comparisons of MMSE and
Hcy levels before and after vitamin B12 supplementation were evaluated by the Wilcoxon’s
signed-rank test because the data did not follow a normal distribution. Correlations
were also evaluated using Pearson’s correlation coefficient if the data followed a normal
distribution. If the data did not follow a normal distribution (vitamin B12 (pre), Hcy (pre),
MMSE (post), and Hcy change), Spearman’s rank correlation coefficient was applied. Linear
mixed models were applied to analyze the effects of confounding factors, such as age, sex,
education, and follow-up interval between first examination and re-evaluation after starting
vitamin B12. Missing values were handled using the list-wise deletion method. Statistical
analyses were done utilizing IBM SPSS Statistics version 27 (IBM Corp, Armonk, NY, USA).
p < 0.05 was considered statistically significant. By utilizing the free software G* Power 3.1,
the power of the dataset was determined [31].

3. Results
3.1. Vitamin B12 Deficit and Hyperhomocysteinemia

Of the 1716 patients who had been examined in the outpatient clinic for dementia
during the evaluation period, 83 had vitamin B12 deficiency. Of these, 44 were excluded
(Figure 2). Hcy levels were not obtained in four patients. MMSE was not performed before treat-
ment in three patients. Thirteen patients with concomitant folate deficiency [32] and 25 patients
withdrew from the examination. Finally, 39 patients (22 males and 17 females) were incorpo-
rated in this research (Table 1). The mean age of the participants was 80.3 ± 8.2 years. The
median educational status (years) was 12 years (IQR 8–12); 26 patients underwent VSRAD,
and 34 underwent MCV. A comparison of the 39 patients with 44 excluded patients is
shown in Supplementary Table S1. Among the subjects who had been examined in our
outpatient clinic, vitamin B12 deficiency was 4.8% (83/1716 patients). The median vitamin
B12 concentration was 142 pmol/L (IQR 122–154) (normal range 172–674) [33]. The median
MMSE before treatment (baseline) was 22 (IQR 15–26), median Hcy was 16.7 mmol/mL
(IQR 12.0–27.7) (normal range 3.7–13.5), and median folate was 6.8 pg/mL (IQR 5.0–8.4)
(normal range 3.6−12.9) (Table 1). Detailed data for each of the 39 patients are presented in
Supplementary Table S2. A significant inverse correlation was observed between baseline
Hcy and vitamin B12 levels (ρ = −0.416, p = 0.008) (Figure 3).
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Figure 2. Flow chart describing how to select the research participants. Among them, homocysteine
(Hcy) is determined in 80 patients. Of these, 41 patients are omitted for the causes explained as follows:
concomitant folate shortage (n = 15), Mini-Mental State Examination (MMSE) before treatment was
not performed (n = 3), or withdrawal from the study (n = 25). In total, 39 patients are enrolled in
this study.

Figure 3. Plasma vitamin B12 and homocysteine levels are inversely correlated.
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Table 1. Demographic data of 39 patients with B12 deficiency.

Age (Mean ± SD) 80.1 ± 8.2

Range 49–91
Male sex, n (%) 22 (56.4)

Education (Year) (Median (IQR)) 12 (8–12)
Range 6–16

MMSE (Median (IQR)) 22 (15–26)
Range 5–30

Vitamin B12 (Median (IQR)), pmol/L 142 (122–154)
Range 55–171

Normal Range (172–674) [33]
Folate (Median (IQR)), ng/mL 6.8 (5.0–8.4)

Range 3.8–53.0
Normal Range (3.6–12.9) [2]

Hcy(Median (IQR)), nmol/mL 16.7 (12.0–27.7)
Range 8.2–96.0

Normal range (3.7–13.5) [2]
MCV (Median (IQR)), fL 97.0 (91.0–97.9)

Range 81.2–108.0
Normal range (83.6–98.2) [2]

MRI hippocampal atrophy
Z-score (Median (IQR)) 1.7 (1.2–2.6)

Range 0.8–3.1
Cutoff 1.35 [29]

Abbreviations: SD, standard deviation; IQR, interquartile range; MMSE, Mini-Mental State Examination; Hcy,
homocysteine; (), normal range; MCV, mean corpuscular volume; MRI, magnetic resonance imaging.

Inverse correlation was shown significantly between baseline vitamin B12 and Hcy
levels (ρ = −0.416, p = 0.008). The Spearman rank correlation coefficient (ρ) was applied as
the data did not follow the normal distribution.

3.2. Hippocampal Atrophy and Hyperhomocysteinemia

The median z-score correlated with hippocampal volume in 24 patients was 1.7 (IQR
1.2–2.6), indicating mild atrophy [29] (Table 1). No significant correlation was observed
between the z-score and baseline Hcy level (ρ = 0.058, p = 0.792) (Figure 4A). No significant
correlation was detected between the z-score and baseline vitamin B12 levels (ρ = −0.041,
p = 0.853) (Figure 4B). However, a significant correlation was seen between hippocampal
atrophy assessed by the z-score and the baseline MMSE score (ρ = −0.445, p = 0.033)
(Supplementary Figure S2).

3.3. Changes in Homocysteine Levels and MMSE Score by Vitamin B12 Supplementation

Supplementation with vitamin B12 changed the mean vitamin B12 level from
135.8 ± 27.5 pmol/L to 721.0 ± 523.1 pmol/L (p < 0.001). The average Hcy level decreased
significantly from 22.9 ± 16.9 to 11.5 ± 3.9 nmol/mL in a short period of time (p < 0.001)
(Figure 5). No correlation was observed between the degree of decrease in the Hcy level
and that of change in the vitamin B12 level (ρ = 0.225, p = 0.240) (Supplementary Figure S3).
The MMSE score improved significantly during a short period from 20.5 ± 6.4 days to
22.9 ± 5.5 days following the vitamin B12 administration (p < 0.001; effect size, r = 0.73)
(Figure 6). The power of the data following the vitamin B12 supplementation was 0.955.
Confounders, age (p = 0.152), sex (p = 0.421), and education (p = 0.267) had no effects on
MMSE change. The confounder follow-up interval between starting vitamin B12 supple-
mentation and MMSE reevaluation (p = 0.448), and the total follow-up period (p = 0.614)
also had no effect on the change in the MMSE score. The confounder follow-up interval
between the initiation of vitamin B12 supplementation and the reevaluation of the Hcy
level (p = 0.578) had no effect on the reduction in the Hcy level. There was no correlation
between baseline MMSE scores and baseline Hcy levels (Supplementary Figure S4). A
significant correlation was seen between the change in MMSE and the baseline Hcy level
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(ρ = 0.318, p = 0.049) (Figure 7A), while no correlation was found between the change
in MMSE and the change in Hcy with vitamin B12 supplementation (Figure 7B). If the
patients who exhibited a baseline Hcy level of >50 nmol/mL were removed, the change in
the MMSE and the baseline Hcy level would exhibit no correlation (ρ = 0.257, p = 0.136).
Furthermore, if the patients who exhibited a change in the Hcy level of >40 nmol/mL from
the baseline level were removed, the change in the MMSE and the degree of decrease in the
Hcy level would exhibit no correlation (ρ = 0.120, p = 0.551).

Figure 4. No significant correlation is shown between the z-score and baseline homocysteine (Hcy)
(ρ = 0.058, p = 0.792) (A). No significant correlation is found between the z-score and baseline vitamin
B12 (ρ = −0.041, p = 0.853) (B). Spearman’s rank correlation coefficient (ρ) was applied as the data for
Hcy and vitamin B12 deviated from the normal distribution.

Figure 5. Vitamin B12 supplementation decreased plasma homocysteine (Hcy) concentrations.
Vitamin B12 administration significantly decreased Hcy concentrations from 22.9 ± 16.9 to
11.5 ± 3.9 nmol/mL (** p < 0.0001).
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Figure 6. Mini-Mental State Examination (MMSE) score improved significantly from 20.5 ± 6.4
to 22.9 ± 5.5 (** p < 0.0001, effect size r = 0.73), 21−133 days after vitamin B12 supplementation.
Bar ± SD. The Wilcoxon signed-rank test was applied as the MMSE score after treatment deviated
from the normal distribution.

Figure 7. A significant correlation is demonstrated between the degree of change in the Mini-Mental
State Examination (MMSE) and the baseline Hcy value (ρ = 0.318, p = 0.049) (A). However, the degree
of Hcy change and MMSE change did not correlate significantly (ρ = 0.198, p = 0.295) (B). Spearman’s
rank correlation coefficient (ρ) was applied as Hcy and the degree of Hcy change deviated from the
normal distribution.

The Wilcoxon signed-rank test was applied because the date of Hcy before treatment
did not followed normal distribution.

A significant correlation was found between MMSE changes and baseline MMSE
scores (ρ = −0.603, p < 0.0001) (Supplementary Figure S5). No correlation was observed
between the change in MMSE and the z-score (Figure 8). Long-periods follow-up of the
MMSE was performed at 0.5, 1, and 2 years, and analyzed using the GLMM. Even though
the MMSE score declined despite continuous vitamin B12 supplementation, the decrease
was gradual, as demonstrated in Supplementary Figure S1.
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Figure 8. No correlation is shown between the change in Mini-Mental State Examination (MMSE)
and z-score (r = 0.268, p = 0.217). The change in MMSE score and z-score with normal distribution
was analyzed using Pearson’s correlation coefficiency (r).

3.4. Vitamin B12 Deficiency and MCV

In this study, MCV was slightly higher, median 97.0 fL (IQR 91.0–97.9) (normal range
83.6−98.2 fL) [2]. Nevertheless, no correlation was observed between vitamin B12 levels
and MCV (ρ = −0.125, p = 0.487) (Supplementary Figure S6).

4. Discussion

In this multi-center, open-label, single-arm study, it was evidenced that (1) vitamin B12
deficiency among patients who visited the outpatient dementia clinic was 4.8%; (2) Low
vitamin B12 levels were related to HHcy, and vitamin B12 supplementation improved HHcy
in the short-term; (3) Vitamin B12 supplementation improved the MMSE score in the short
term. A significant correlation was found between the degree of improvement in MMSE
and baseline Hcy; (4) A significant correlation was detected between hippocampal atrophy
and baseline MMSE score. Significant correlation was not recognized between hippocampal
atrophy and baseline Hcy levels or the degree of change in MMSE scores.

In this study, patients with isolated vitamin B12 deficiency accounted for 5.0% of all
patients with dementia. Previous reports have shown that the prevalence of vitamin B12
among patients with dementia is 7.5% [34]. Another report has shown that vitamin B12
shortage affects approximately 5% of people aged 65–74 years and more than 10% of people
aged ≥75 years [35].

Low vitamin B12 levels were clearly related to HHcy, and vitamin B12 supplemen-
tation improved HHcy in this study. These results are consistent with those of previous
findings [3,15,36]. HHcy is related to cognitive impairment [11,12] and is positively corre-
lated with brain atrophy [3,23,37–40]. The possible mechanisms of Hcy-induced cognitive
impairment include HHcy, which induces cell death by DNA and oxidative damage; it
is also associated with amyloid β protein and tau [6,12,17,41]. This causes NO-mediated
dysfunction of the vascular endothelium and amyloid angiopathy, leading to vascular
damage [41,42]. In this study, we observed a rapid improvement in the Hcy level following
the vitamin B12 supplementation. Vitamin B12 supplementation and Hcy reduction may be
associated with improved neuronal death [6].

Vitamin B12 supplementation has been associated with a slower decline in cognitive
and clinical functions, as shown in previous reports [3,43,44]. However, it is not clear
whether vitamin B12 supplementation alone improves cognitive function over a short pe-
riod of time. In this study, vitamin B12 supplementation improved the MMSE score, at
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least in the short term. One possible reason for the improvement of MMSE score with
vitamin B12 supplementation is the improvement in attention and mood [24]. Vitamin B12
supplementation has also been reported to reduce the symptoms of depression [45], fa-
tigue, delirium [46] and abnormalities in electroencephalography [47]. Other possible
explanations include a practice effect due to the possibility of remembering the content
of the test and a placebo effect. Another possible reason is that doctors and healthcare
providers provided guidance on how to improve lifestyles to activate brain function, such
as encouraging a regular lifestyle, diet, and participation in social activities at the dementia
outpatient clinic. The question of whether an improvement in the MMSE of <3 points
is clinically significant remains. First, it was described that the MMSE has a specificity
and sensitivity for predicting dementia of 82% and 87%, respectively [48]. In a previous
randomized placebo-controlled trial of donepezil in patients with AD, the following con-
clusions were made. Improvements in the MMSE favoring donepezil were exhibited at
weeks 6, 12, and 24 and at the end of the follow-up period. The improvements in the
MMSE from the baseline value at weeks 6, 12, and 24 following the initiation of treatment
were 1.4 (p = 0.02), 1.2 (p = 0.03), and 1.8 (p = 0.002) points, respectively. In that study, the
placebo group exhibited an improvement in the MMSE of <0.3 points [49]. Donepezil is
one of the gold-standard drugs used for treating AD. In this study, the improvement in the
MMSE score exhibited following the treatment with vitamin B12 was 2.5 points (p < 0.0001;
effect size, r = 0.73). Therefore, the change in the MMSE from vitamin B12 treatment can
be significant.

The extent of MMSE score recovery was correlated with baseline Hcy concentrations
(Figure 7A). However, if the patients who exhibited a baseline Hcy level of >50 nmol/mL
were removed, the change in the MMSE and the baseline Hcy level would exhibit no
correlation. The extent of improvement of the MMSE score was not correlated significantly
with that of the VSRAD z-score (Figure 8). So, even with serious hippocampal atrophy,
vitamin B12 administration is expected to improve cognitive function.

In the GLMM, the decrease in MMSE score was slow in vitamin B12 deficiency patients
with vitamin B12 supplementation in this study (Supplementary Figure S1). Vitamin B12
supplementation has been written to be related to slow progress of brain atrophy [23,50],
particularly in the hippocampus, medial parietal lobe, and occipital cortex of patients with
mild cognitive impairment patients [23]. Therefore, vitamin B12 treatment can decrease the
decline of the progression of cognitive function.

In this study, hippocampal atrophy was not associated with baseline levels of Hcy
or vitamin B12. Hcy levels have been known to be positively correlated with cerebral
atrophy [3], cortical [23,37,39], subcortical [38,39], and hippocampal atrophy [39,40]. HHcy
patients treated with B vitamins have been reported to have lower Hcy, reduced gray
matter atrophy, and slow cognitive decline [51]. One possible explanation is that the degree
of HHcy was not correlated with hippocampal atrophy because the presence of other
pathologies (AD, VaD, DLB, etc.) influenced the degree of hippocampal atrophy.

In this study, while MCV values did not correlate with B12 levels, MCV was generally
higher (median 97.0 fL (IQR 91.0–97.9) (Normal range: 83.6–98.2) [2]. These findings agree
with previous reports of B12 or folate shortage [2,46,51]. Vitamin B12 and folate are not
included in routine blood tests; however, MCV is a routine test. Therefore, if MCV is
high, the possibility of vitamin B12 or folate shortage should be considered in patients
with dementia.

This study had some limitations. First of all, the participant number was small, with
no control group, and not all the participants followed up long enough. Second, we did
not examine the depression scale, Geriatric Depression Scale 15. We also did not measure
vitamin B6, which is responsible for HHcy. The MRI-VSRAD z-score was measured using
three different scanners. We estimated the cognitive function of patients by using only the
MMSE, which has a specificity and sensitivity for predicting dementia of 82% and 87%,
respectively [48]. The degree of cognitive impairment was relatively mild in this study
(mean MMSE, 20.4 ± 6.7). Because we provided guidance on how to improve lifestyle,
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without a randomized study of patients who were not vitamin B12 deficient in a similar
situation, we cannot assume that vitamin B12 deficiency improved the MMSE score and
not because of other care provided to patients. A more systematic trial that includes all the
details missing from this pilot study is suggested.

5. Conclusions

In patients with vitamin B12 deficiency, vitamin B12 supplementation resulted in a
reduction of Hcy and improved cognitive function, at least in the short period, irrespective
of hippocampal atrophy. The extent of improvement in the MMSE score after vitamin B12
supplementation was correlated with the baseline Hcy value. However, the improvement
of cognitive function involves several factors, including practice effects, placebo effects,
and mood improvement by vitamin B12 supplementation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu14071494/s1, Figure S1. Long duration of Mini-Mental State Examination (MMSE) score
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(GLMM), Figure S2: Inverse correlation is shown between mini mental state examination score and
hippocampal atrophy assessed by VSRAD z score r = −0.445, p = 0.033 was analyzed by the Pearson’s
correlation coefficient, Figure S3. There was no correlation between the degree of homocysteine
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Author Contributions: A.U. contributed to data curation, survey, and draft writing; T.H. contributed
to project management, resources, methodology, survey, conceptualization, data curation, formal
analysis, validation, writing and editing, and fundraising; S.E. contributed to project management
and resources; N.S. contributed to the survey; M.N. contributed to project management and resources;
H.K. contributed to radiological data analysis; M.I. contributed to data curation; O.Y. contributed to
the survey; D.Y. contributed to data curation; Y.K. contributed to supervision and fundraising; T.I.
contributed to supervision and fundraising; M.K. contributed to supervision; Y.N. contributed to
supervision and fundraising, writing, and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was partially supported by a Grant-in-Aid for Scientific Research (No. JSPS
(19K07909) from the Japan Society for the Promotion of Science and a Research Grant from the
University of Fukui (LSI 20306).

Institutional Review Board Statement: All resources were acquired following the standards set
forth in the 1975 Declaration of Helsinki Principles, as revised in 2008 (http://www.wma.net/en/10
ethics/10helsinki/(accessed on 1 February 2022).

Informed Consent Statement: The protocol for this human clinical trial was approved by the Uni-
versity of Fukui Ethics Committee. Informed consent was obtained from all subjects involved in
the study.

Acknowledgments: The authors thank Ayumu Katsuki, Kenichiro Maeda, Rei Asano, Hirohito
Sasaki, Tomohisa Yamaguchi, Yuki Kitazaki, Yoshinori Endo, Tomoko Kamisawa, Akiko Matsunaga,
Kouji Hayashi, Hiroshi Tsutani, Hisayo Nishino, Emiko Kitagawa, Junko Nakane, Chiemi Makino,
Aiko Ishida, Haruna Kusaka, Tomoko Kondo, Hisae Nakajima, Yoshiko Fujita, and Arin Kano. The
authors thank the radiological technicians for their excellent help and Takahiro Tokunaga, for his
advice on statistical analysis.

Conflicts of Interest: The authors declare that they have no conflict of interest concerning this project.

https://www.mdpi.com/article/10.3390/nu14071494/s1
https://www.mdpi.com/article/10.3390/nu14071494/s1
http://www.wma.net/en/10ethics/10helsinki/
http://www.wma.net/en/10ethics/10helsinki/


Nutrients 2022, 14, 1494 12 of 14

References
1. Van der Lee, S.J.; Wolters, F.J.; Ikram, M.K.; Hofman, A.; Ikram, M.A.; Amin, N.; van Duijn, C.M. The effect of APOE and other

common genetic variants on the onset of Alzheimer’s disease and dementia: A community-based cohort study. Lancet Neurol.
2018, 17, 434–444. [CrossRef]

2. Hama, Y.; Hamano, T.; Shirafuji, N.; Hayashi, K.; Ueno, A.; Enomoto, S.; Nagata, M.; Kimura, H.; Matsunaga, A.; Ikawa, M.; et al.
Influences of folate supplementation on homocysteine and cognition in patients with folate deficiency and cognitive impairment.
Nutrients 2020, 12, 3138. [CrossRef] [PubMed]

3. Blasko, I.; Hinterberger, M.; Kemmler, G.; Jungwirth, S.; Krampla, W.; Leitha, T.; Heinz Tragl, K.; Fischer, P. Conversion from mild
cognitive impairment to dementia: Influence of folic acid and vitamin B12 use in the VITA cohort. J. Nutr. Health Aging 2012, 16,
687–694. [CrossRef] [PubMed]

4. White, L.; Petrovitch, H.; Ross, G.W.; Masaki, K.H.; Abbott, R.D.; Teng, E.L.; Rodriguez, B.L.; Blanchette, P.L.; Havlik, R.J.;
Wergowske, G.; et al. Prevalence of dementia in older Japanese-American men in Hawaii: The Honolulu-Asia Aging Study.
JAMA 1996, 276, 955–960. [CrossRef] [PubMed]

5. Weytingh, M.D.; Bossuyt, P.M.; van Crevel, H. Reversible dementia: More than 10% or less than 1%? A quantitative review.
J. Neurol. 1995, 242, 466–471. [CrossRef] [PubMed]

6. Shirafuji, N.; Hamano, T.; Yen, S.H.; Kanaan, N.M.; Yoshida, H.; Hayashi, K.; Ikawa, M.; Yamamura, O.; Kuriyama, M.;
Nakamoto, Y. Homocysteine increases tau phosphorylation, truncation and oligomerization. Int. J. Mol. Sci. 2018, 19, 891.
[CrossRef]

7. Ducloux, D.; Chalopin, J.M. Homocysteine in cerebral macroangiopathy and microangiopathy. Lancet 1999, 354, 1029–1030.
[CrossRef]

8. Seshadri, S.; Beiser, A.; Selhub, J.; Jacques, P.F.; Rosenberg, I.H.; D’Agostino, R.B.; Wilson, P.W.; Wolf, P.A. Plasma homocysteine as
a risk factor for dementia and Alzheimer’s disease. N. Engl. J. Med. 2002, 346, 476–483. [CrossRef]

9. Van de Lagemaat, E.E.; de Groot, L.C.; van den Heuvel, E.G. Vitamin B12 in Relation to Oxidative Stress: A Systematic Review.
Nutrients 2019, 11, 482. [CrossRef]

10. Ho, P.I.; Collins, S.C.; Dhitavat, S.; Ortiz, D.; Ashline, D.; Rogers, E.; Shea, T.B. Homocysteine potentiates beta-amyloid
neurotoxicity: Role of oxidative stress. J. Neurochem. 2001, 78, 249–253. [CrossRef]

11. Clarke, R.; Smith, A.D.; Jobst, K.A.; Refsum, H.; Sutton, L.; Ueland, P.M. Folate, vitamin B12, and serum total homocysteine levels
in confirmed Alzheimer disease. Arch. Neurol. 1998, 55, 1449–1455. [CrossRef] [PubMed]

12. Miwa, K.; Tanaka, M.; Okazaki, S.; Yagita, Y.; Sakaguchi, M.; Mochizuki, H.; Kitagawa, K. Increased total homocysteine levels
predict the risk of incident dementia independent of cerebral small-vessel diseases and vascular risk factors. J. Alzheimers Dis.
2016, 49, 503–513. [CrossRef] [PubMed]

13. Hooshmand, B.; Polvikoski, T.; Kivipelto, M.; Tanskanen, M.; Myllykangas, L.; Erkinjuntti, T.; Mäkelä, M.; Oinas, M.; Paetau, A.;
Scheltens, P.; et al. Plasma homocysteine, Alzheimer and cerebrovascular pathology: A population-based autopsy study. Brain
2013, 136, 2707–2716. [CrossRef]

14. Roher, A.E.; Tyas, S.L.; Maarouf, C.L.; Daugs, I.D.; Kokjohn, T.A.; Emmerling, M.R.; Garami, Z.; Belohlavek, M.; Sabbagh, M.N.;
Sue, L.I.; et al. Intracranial atherosclerosis as a contributing factor to Alzheimer’s disease dementia. Alzheimers Dement. 2011, 7,
436–444. [CrossRef] [PubMed]

15. Quadri, P.; Fragiacomo, C.; Pezzati, R.; Zanda, E.; Forloni, G.; Tettamanti, M.; Lucca, U. Homocysteine, folate, and vitamin B-12 in
mild cognitive impairment, Alzheimer’s disease, vascular dementia. Am. J. Clin. Nutr. 2004, 80, 114–122. [PubMed]

16. Nilsson, K.; Gustafson, L.; Hultberg, B. Elevated plasma homocysteine level in vascular dementia reflects the vascular disease
process. Dement. Geriatr. Cogn. Dis. Extra 2013, 3, 16–24. [CrossRef] [PubMed]

17. Mattson, M.P.; Shea, T.B. Folate and homocysteine metabolism in neural plasticity and neurodegenerative disorders. Trends.
Neurosci. 2003, 26, 137–146. [CrossRef]

18. Rodriguez-Oroz, M.C.; Lage, P.M.; Sanchez-Mut, J.; Lamet, I.; Pagonabarraga, J.; Toledo, J.B.; García-Garcia, D.; Clavero, P.;
Samaranch, L.; Irurzun, C.; et al. Homocysteine and cognitive impairment in Parkinson’s disease: A biochemical, neuroimaging,
and genetic study. Mov. Disord. 2009, 24, 1437–1444. [CrossRef]

19. Selhub, J.; Jacques, P.F.; Bostom, A.G.; D’Agostino, R.B.; Wilson, P.W.; Belanger, A.J.; O’Leary, D.H.; Wolf, P.A.; Schaefer, E.J.;
Rosenberg, I.H. Association between plasma homocysteine concentrations and extracranial carotid-artery stenosis. N. Engl. J.
Med. 1995, 332, 286–291. [CrossRef]

20. Bostom, A.G.; Rosenberg, I.H.; Silbershatz, H.; Jacques, P.F.; Selhub, J.; D’Agostino, R.B.; Wilson, P.W.; Wolf, P.A. Nonfasting
plasma total homocysteine levels and stroke incidence in elderly persons: The Framingham Study. Ann. Intern. Med. 1999, 131,
352–355. [CrossRef]

21. Ma, F.; Wu, T.; Zhao, J.; Ji, L.; Song, A.; Zhang, M.; Huang, G. Plasma homocysteine and serum folate and vitamin b(12) levels in
mild cognitive impairment and Alzheimer’s disease: A case-control study. Nutrients 2017, 9, 725. [CrossRef] [PubMed]

22. Wald, D.S.; Kasturiratne, A.; Simmonds, M. Serum homocysteine and dementia: Meta-analysis of eight cohort studies including
8669 participants. Alzheimers Dement. 2011, 7, 412–417. [CrossRef] [PubMed]

23. Douaud, G.; Refsum, H.; de Jager, C.A.; Jacoby, R.; Nichols, T.E.; Smith, S.M.; Smith, A.D. Preventing Alzheimer’s disease-related
gray matter atrophy by B-vitamin treatment. Proc. Natl. Acad. Sci. USA 2013, 110, 9523–9528. [CrossRef] [PubMed]

http://doi.org/10.1016/S1474-4422(18)30053-X
http://doi.org/10.3390/nu12103138
http://www.ncbi.nlm.nih.gov/pubmed/33066591
http://doi.org/10.1007/s12603-012-0051-y
http://www.ncbi.nlm.nih.gov/pubmed/23076510
http://doi.org/10.1001/jama.1996.03540120033030
http://www.ncbi.nlm.nih.gov/pubmed/8805729
http://doi.org/10.1007/BF00873551
http://www.ncbi.nlm.nih.gov/pubmed/7595679
http://doi.org/10.3390/ijms19030891
http://doi.org/10.1016/S0140-6736(05)76632-0
http://doi.org/10.1056/NEJMoa011613
http://doi.org/10.3390/nu11020482
http://doi.org/10.1046/j.1471-4159.2001.00384.x
http://doi.org/10.1001/archneur.55.11.1449
http://www.ncbi.nlm.nih.gov/pubmed/9823829
http://doi.org/10.3233/JAD-150458
http://www.ncbi.nlm.nih.gov/pubmed/26484913
http://doi.org/10.1093/brain/awt206
http://doi.org/10.1016/j.jalz.2010.08.228
http://www.ncbi.nlm.nih.gov/pubmed/21388893
http://www.ncbi.nlm.nih.gov/pubmed/15213037
http://doi.org/10.1159/000345981
http://www.ncbi.nlm.nih.gov/pubmed/23569455
http://doi.org/10.1016/S0166-2236(03)00032-8
http://doi.org/10.1002/mds.22522
http://doi.org/10.1056/NEJM199502023320502
http://doi.org/10.7326/0003-4819-131-5-199909070-00006
http://doi.org/10.3390/nu9070725
http://www.ncbi.nlm.nih.gov/pubmed/28698453
http://doi.org/10.1016/j.jalz.2010.08.234
http://www.ncbi.nlm.nih.gov/pubmed/21784352
http://doi.org/10.1073/pnas.1301816110
http://www.ncbi.nlm.nih.gov/pubmed/23690582


Nutrients 2022, 14, 1494 13 of 14

24. Jatoi, S.; Hafeez, A.; Riaz, S.U.; Ali, A.; Ghauri, M.I.; Zehra, M. Low vitamin B12 levels: An underestimated cause of minimal
cognitive impairment and dementia. Cureus 2020, 12, e6976. [CrossRef]

25. Ford, A.H.; Flicker, L.; Alfonso, H.; Thomas, J.; Clarnette, R.; Martins, R.; Almeida, O.P. Vitamins B(12), B(6), and folic acid for
cognition in older men. Neurology 2010, 75, 1540–1547. [CrossRef]

26. McCaddon, A.; Miller, J.W. Assessing the association between homocysteine and cognition: Reflections on Bradford Hill,
meta-analyses, and causality. Nutr. Rev. 2015, 73, 723–735. [CrossRef]

27. Ford, A.H.; Almeida, O.P. Effect of vitamin B supplementation on cognitive function in the elderly: A systematic review and
meta-Analysis. Drugs Aging 2019, 36, 419–434. [CrossRef]

28. De Koning, E.J.; van der Zwaluw, N.L.; van Wijngaarden, J.P.; Sohl, E.; Brouwer-Brolsma, E.M.; van Marwijk, H.W.;
Enneman, A.W.; Swart, K.M.; van Dijk, S.C.; Ham, A.C.; et al. Effects of two-year vitamin B(12) and folic acid supplementation
on depressive symptoms and quality of life in older adults with elevated homocysteine concentrations: Additional results from
the B-PROOF study, an RCT. Nutrients 2016, 8, 748. [CrossRef]

29. Tokumitsu, K.; Yasui-Furukori, N.; Takeuchi, J.; Yachimori, K.; Sugawara, N.; Terayama, Y.; Tanaka, N.; Naraoka, T.; Shimoda, K.
The combination of MMSE with VSRAD and eZIS has greater accuracy for discriminating mild cognitive impairment from early
Alzheimer’s disease than MMSE alone. PLoS ONE 2021, 16, e0247427. [CrossRef]

30. Hirata, Y.; Matsuda, H.; Nemoto, K.; Ohnishi, T.; Hirao, K.; Yamashita, F.; Asada, T.; Iwabuchi, S.; Samejima, H. Voxel-based
morphometry to discriminate early Alzheimer’s disease from controls. Neurosci. Lett. 2005, 382, 269–274. [CrossRef]

31. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]

32. Berry, R.J. Lack of historical evidence to support folic acid exacerbation of the neuropathy caused by vitamin B12 deficiency. Am.
J. Clin. Nutr. 2019, 110, 554–561. [CrossRef] [PubMed]

33. Miyake, K.; Akimoto, T.; Kusakabe, M.; Sato, W.; Yamada, A.; Yamawaki, H.; Kodaka, Y.; Shinpuku, M.; Nagoya, H.; Shindo, T.;
et al. Water-soluble vitamin deficiencies in complicated peptic ulcer patients soon after ulcer onset in Japan. J. Nutr. Sci. Vitaminol.
2013, 59, 503–508. [CrossRef] [PubMed]

34. Sashindran, V.K.; Aggarwal, V.; Khera, A. Prevalence of vitamin B12 deficiency in elderly population (>60 years) presenting with
dementia to outpatient department. Med. J. Armed Forces India 2022, 78, 94–98. [CrossRef]

35. Clarke, R.; Grimley, E.J.; Schneede, J.; Nexo, E.; Bates, C.; Flechter, A.; Prentice, A.; Johnston, C.; Ueland, P.M.; Refsum, H.; et al.
Vitamin B12 and folate deficiency in later life. Age Ageing 2004, 33, 4e41.

36. Mooijaart, S.P.; Gussekloo, J.; Frölich, M.; Jolles, J.; Stott, D.J.; Westendorp, R.G.; de Craen, A.J. Homocysteine, vitamin B-12, and
folic acid and the risk of cognitive decline in old age: The leiden 85-plus study. Am. J. Clin. Nutr. 2005, 82, 866–871. [CrossRef]

37. Madsen, S.K.; Rajagopalan, P.; Joshi, S.H.; Toga, A.W.; Thompson, P.M. Higher homocysteine associated with thinner cortical gray
matter in 803 participants from the Alzheimer’s disease neuroimaging initiative. Neurobiol. Aging 2015, 36 (Suppl. 1), S203–S210.
[CrossRef]

38. Firbank, M.J.; Narayan, S.K.; Saxby, B.K.; Ford, G.A.; O’Brien, J.T. Homocysteine is associated with hippocampal and white matter
atrophy in older subjects with mild hypertension. Int. Psychogeriatr. 2010, 22, 804–811. [CrossRef]

39. Gallucci, M.; Zanardo, A.; Bendini, M.; Di Paola, F.; Boldrini, P.; Grossi, E. Serum folate, homocysteine, brain atrophy, and
auto-CM system: The Treviso Dementia (TREDEM) study. J. Alzheimers Dis. 2014, 38, 581–587. [CrossRef]

40. Wald, D.S.; Kasturiratne, A.; Simmonds, M. Effect of folic acid, with or without other B vitamins, on cognitive decline: Meta-
analysis of randomized trials. Am. J. Med. 2010, 123, 522.e522–527.e522. [CrossRef]

41. Li, J.G.; Chu, J.; Barrero, C.; Merali, S.; Praticò, D. Homocysteine exacerbates β-amyloid pathology, tau pathology, and cognitive
deficit in a mouse model of Alzheimer disease with plaques and tangles. Ann. Neurol. 2014, 75, 851–863. [CrossRef]

42. Viswanathan, A.; Raj, S.; Greenberg, S.M.; Stampfer, M.; Campbell, S.; Hyman, B.T.; Irizarry, M.C. Plasma Abeta, homocysteine,
and cognition: The vitamin intervention for stroke prevention (VISP) trial. Neurology 2009, 72, 268–272. [CrossRef] [PubMed]

43. Lefèvre-Arbogast, S.; Féart, C.; Dartigues, J.F.; Helmer, C.; Letenneur, L.; Samieri, C. Dietary B vitamins and a 10-year risk of
dementia in older persons. Nutrients 2016, 8, 761. [CrossRef] [PubMed]

44. De Jager, C.A.; Oulhaj, A.; Jacoby, R.; Refsum, H.; Smith, A.D. Cognitive and clinical outcomes of homocysteine-lowering
B-vitamin treatment in mild cognitive impairment: A randomized controlled trial. Int. J. Geriatr. Psychiatry 2012, 27, 592–600.
[CrossRef] [PubMed]

45. Huijts, M.; van Oostenbrugge, R.J.; Rouhl, R.P.; Menheere, P.; Duits, A. Effects of vitamin B12 supplementation on cognition,
depression, and fatigue in patients with lacunar stroke. Int. Psychogeriatr. 2013, 25, 508–510. [CrossRef] [PubMed]

46. Kwok, T.; Lee, J.; Lam, L.; Woo, J. Vitamin B(12) supplementation did not improve cognition but reduced delirium in patients
with vitamin B(12) deficiency. Arch. Gerontol. Geriatr. 2008, 46, 273–282. [CrossRef]

47. West, E.D.; Ellis, F.R. The electroencephalogram in veganism, vegetarianism, vitamin B12 deficiency, and in controls. J. Neurol.
Neurosurg. Psychiatry 1966, 29, 391–397. [CrossRef] [PubMed]

48. Velayudhan, L.; Ryu, S.H.; Raczek, M.; Philpot, M.; Lindesay, J.; Critchfield, M.; Livingston, G. Review of brief cognitive tests for
patients with suspected dementia. Int. Psychogeriatr. 2014, 26, 1247–1262. [CrossRef]

49. Seltzer, B.; Zolnouni, P.; Nunez, M.; Goldman, R.; Kumar, D.; Ieni, J.; Richardson, S. Donepezil “402” Study Group. Efficacy
of Donepezil in Early-Stage Alzheimer Disease: A Randomized Placebo-Controlled Trial. Arch. Neurol. 2004, 61, 1852–1856.
[CrossRef] [PubMed]

http://doi.org/10.7759/cureus.6976
http://doi.org/10.1212/WNL.0b013e3181f962c4
http://doi.org/10.1093/nutrit/nuv022
http://doi.org/10.1007/s40266-019-00649-w
http://doi.org/10.3390/nu8110748
http://doi.org/10.1371/journal.pone.0247427
http://doi.org/10.1016/j.neulet.2005.03.038
http://doi.org/10.3758/BF03193146
http://www.ncbi.nlm.nih.gov/pubmed/17695343
http://doi.org/10.1093/ajcn/nqz089
http://www.ncbi.nlm.nih.gov/pubmed/31187858
http://doi.org/10.3177/jnsv.59.503
http://www.ncbi.nlm.nih.gov/pubmed/24477246
http://doi.org/10.1016/j.mjafi.2020.11.003
http://doi.org/10.1093/ajcn/82.4.866
http://doi.org/10.1016/j.neurobiolaging.2014.01.154
http://doi.org/10.1017/S1041610210000499
http://doi.org/10.3233/JAD-130956
http://doi.org/10.1016/j.amjmed.2010.01.017
http://doi.org/10.1002/ana.24145
http://doi.org/10.1212/01.wnl.0000339486.63862.db
http://www.ncbi.nlm.nih.gov/pubmed/19153374
http://doi.org/10.3390/nu8120761
http://www.ncbi.nlm.nih.gov/pubmed/27898035
http://doi.org/10.1002/gps.2758
http://www.ncbi.nlm.nih.gov/pubmed/21780182
http://doi.org/10.1017/S1041610212001925
http://www.ncbi.nlm.nih.gov/pubmed/23158866
http://doi.org/10.1016/j.archger.2007.05.001
http://doi.org/10.1136/jnnp.29.5.391
http://www.ncbi.nlm.nih.gov/pubmed/5332786
http://doi.org/10.1017/S1041610214000416
http://doi.org/10.1001/archneur.61.12.1852
http://www.ncbi.nlm.nih.gov/pubmed/15596605


Nutrients 2022, 14, 1494 14 of 14

50. Smith, A.D.; Smith, S.M.; de Jager, C.A.; Whitbread, P.; Johnston, C.; Agacinski, G.; Oulhaj, A.; Bradley, K.M.; Jacoby, R.;
Refsum, H. Homocysteine-lowering by B vitamins slows the rate of accelerated brain atrophy in mild cognitive impairment: A
randomized controlled trial. PLoS ONE 2010, 5, e12244. [CrossRef]

51. Clarke, R.; Bennett, D.; Parish, S.; Lewington, S.; Skeaff, M.; Eussen, S.J.; Lewerin, C.; Stott, D.J.; Armitage, J.; Hankey, G.J.; et al.
Effects of homocysteine lowering with B vitamins on cognitive aging: Meta-analysis of 11 trials with cognitive data on 22,000
individuals. Am. J. Clin. Nutr. 2014, 100, 657–666. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0012244
http://doi.org/10.3945/ajcn.113.076349
http://www.ncbi.nlm.nih.gov/pubmed/24965307

	Introduction 
	Materials and Methods 
	Ethics, Approval, and Consent to Participate in This Research 
	Blood Tests 
	Scoring of Brain Atrophy by Z-Score of Voxel-Based Specific Regional Analysis System for Alzheimer’s Disease (VSRAD) 
	Statistical Analysis 

	Results 
	Vitamin B12 Deficit and Hyperhomocysteinemia 
	Hippocampal Atrophy and Hyperhomocysteinemia 
	Changes in Homocysteine Levels and MMSE Score by Vitamin B12 Supplementation 
	Vitamin B12 Deficiency and MCV 

	Discussion 
	Conclusions 
	References

