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Abstract
Objective  To examine the association between serum 
total homocysteine levels (tHcy) and dementia risk.
Methods  A total of 1588 Japanese adults aged ≥60 
years without dementia were prospectively followed from 
2002 to 2012. Cox proportional hazards models and 
restricted cubic splines were used to estimate the HRs of 
tHcy levels on the risk of dementia.
Results  During the follow-up, 372 subjects developed 
all-cause dementia; 247 had Alzheimer’s disease (AD) 
and 98 had vascular dementia (VaD). Compared with 
the lowest tHcy quintile (≤6.4 µmol/L), the multivariable-
adjusted HRs (95% CI) of the highest quintile (≥11.5 
µmol/L) were 2.28 (1.51–3.43) for all-cause dementia, 
1.96 (1.19–3.24) for AD and 2.51 (1.14–5.51) for VaD. 
In restricted cubic splines, the risk of all-cause dementia 
steadily increased between approximately 8–15 µmol/L 
and plateaued thereafter, with a similar non-linear 
shape observed for AD and VaD (all p for non-linearity 
≤0.02). In stratified analyses by the most recognised 
genetic polymorphism affecting tHcy concentrations 
(methylenetetrahydrofolate reductase C677T), the 
positive association of tHcy with all-cause dementia 
persisted in both non-carriers and carriers of the risk 
allele, and even tended to be stronger in the former (p 
for heterogeneity=0.07).
Conclusion  High serum tHcy levels are associated with 
an elevated risk of dementia, AD and VaD in a non-linear 
manner, such that an exposure-response association is 
present only within a relatively high range of tHcy levels. 
Non-genetic factors affecting serum tHcy concentrations 
may play important roles in tHcy-dementia associations 
irrespective of the genetic susceptibility for raised tHcy.

Introduction
Raised serum total homocysteine (tHcy) levels 
have been observed in Alzheimer’s disease (AD)1 
and shown to have direct neurotoxicity2 and cause 
vascular lesions.3 These observations have raised 
questions regarding whether raised serum tHcy is 
a risk factor for dementia.4 This association is of 
substantial clinical interest because serum tHcy 
levels are modifiable.5 6 Prospective cohort studies, 
however, have generated mixed results, with 
some7–14 showing significant positive associations 
and others15 16 showing none. Moreover, prior 
studies have merely categorised7–9 11–15 or logarith-
mically transformed7 9 tHcy concentrations to show 
the magnitude of this association. No studies, to 
date, have flexibly assessed the specific shape of this 
association. Indeed, it remains uncertain whether 
this association is linear or non-linear. Also, prior 

studies did not fully examine how genetic variation 
in tHcy metabolism affects the association between 
serum tHcy levels and risk of dementia.

Therefore, we aimed to address these existing gaps 
in knowledge by examining the specific shape of the 
associations between serum tHcy levels and risk of 
all-cause dementia, AD and vascular dementia (VaD), 
and how these associations vary by methylenetetra-
hydrofolate reductase (MTHFR) C677T polymor-
phism, a well-recognised genetic polymorphism that 
has been shown to explain most of the variation in 
serum tHcy levels attributable to genetic factors.17

Methods
Study population
The Hisayama Study, launched in 1961, is an 
ongoing population-based prospective study of 
men and women aged 40 years and over residing 
in the town of Hisayama, a suburb of Fukuoka 
City in southern Japan. Since the 1960s, the 
Hisayama population has had age and occupa-
tional distributions similar to those of the overall 
Japanese population.18 Health examinations of 
physical and neurological conditions have been 
conducted in Hisayama every 1–2 years since 1961. 
Follow-up surveillance for incident dementia have 
been performed since 1985, in combination with 
comprehensive screening surveys for dementia 
among elderly residents every 6–7 years.19

In 2002–2003, a total of 1760 Hisayama resi-
dents aged 60 years and over underwent the health 
examination (participation rate 83.4%). Of those, 
the 1638 attendees who were free of dementia at 
baseline were included in this study. We excluded 
3 participants who did not have the serum tHcy 
measurement, 45 participants who did not provide 
information on education and 2 participants who 
had missing data on serum folate and vitamin B12 
levels. The final analyses included 1588 participants 
(676 men and 912 women), whose mean (±SD) 
age was 71±8 years (range 60–99). We obtained 
written informed consent from all participants.

Follow-up survey of dementia
We followed up the participants for incident 
dementia from their baseline screening examination 
to November 2012. As previously reported,19 we 
first established a daily follow-up system comprising 
the study team, local physicians and members of the 
town’s Health and Welfare Office to collect informa-
tion on new neurological events, including dementia 
and stroke. In this surveillance system, physicians of 
the study team regularly visited hospitals, clinics and 
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the town’s office to update the information on incident dementia 
including suspected cases. Second, we repeated neurological and 
physical examinations at the annual health examination to iden-
tify incident dementia cases missed by the surveillance system. For 
participants who did not participate in the annual health exam-
ination or who moved out of the town, we gathered informa-
tion on their health conditions by postal and telephone surveys. 
Once dementia or other neurological symptoms were suspected, 
a psychiatrist and stroke physician from the study team carefully 
examined the individual for the absence or presence of dementia. 
Third, to precisely detect dementia cases to the greatest extent 
possible, we conducted comprehensive neurological and neuro-
psychological screening for dementia in 2005 and in 2012. When 
a subject died, we interviewed the family and the attending physi-
cian, and reviewed all the available clinical information, including 
information on cognitive function, neuroimaging (CT/MRI) and 
activities of daily living. During the follow-up, 346 subjects died 
and 226 of the decedents underwent brain autopsy; no participants 
were lost to follow-up.

Diagnosis of dementia
The diagnosis of each dementia case, including its subtype and the 
date of diagnosis, was adjudicated by expert stroke physicians and 
psychiatrists together. The expert stroke physicians and psychia-
trists were blind to the subjects’ serum tHcy levels. The diagnosis 
of dementia was made according to the guidelines of the Diag-
nostic and Statistical Manual of Mental Disorders, 3rd edition, 
revised.20 The diagnoses of AD and VaD were made based on the 
criteria of the National Institute of Neurological and Communica-
tive Disorders and Stroke and the Alzheimer’s Disease and Related 
Disorders Association21 and the criteria of the National Institute of 
Neurological Disorders and Stroke–Association International pour 
la Recherche et l’Enseignement en Neurosciences,22 respectively. 
Probable or possible or dementia subtypes were defined using the 
clinical information and morphological examination from neuro-
imaging. Diagnoses of definite dementia subtypes were made for 
deceased subjects who underwent autopsy by using neuropatholog-
ical and clinical information, according to the previously published 
diagnostic procedure.23

Measurements of serum total homocysteine
Blood samples were centrifuged (1500 g for 5 min) after the removal 
of blood clots at room temperature in half an hour. Separated 
serum specimens were stored within 3.5–6.0 hours after collection 
at −80°C until assayed. Serum tHcy levels were analysed in 2005 
by using the high-performance liquid chromatography method.

Measurements of covariates
Information on the following covariates was collected via a ques-
tionnaire administered by trained interviewers: educational status, 
medical history, current treatments of hypertension and diabetes, 
smoking habits, alcohol drinking habits and regular exercise. 
History of stroke was determined by using all clinical informa-
tion prior to the baseline. We measured height and weight in light 
clothing without shoes and calculated the body mass index (BMI) 
(kg/m2). Blood pressure was measured three times in a sitting posi-
tion after a rest of >5 min. We then calculated the mean systolic 
and diastolic blood pressure of the three measurements. We defined 
hypertension as systolic blood pressure ≥140 mm Hg or diastolic 
blood pressure ≥90 mm Hg or current use of antihypertensive 
agents. We measured plasma glucose levels by using the hexoki-
nase method. We defined diabetes as presenting at least one of the 
following criteria: fasting glucose level ≥7.0 mmol/L, postprandial 

glucose or 2 hours 75 g oral glucose postloaded glucose level 
≥11.1 mmol/L or use of insulin or oral hypoglycaemic agents. 
Serum total cholesterol and creatinine levels were measured using 
the enzymatic method. We calculated the estimated glomerular 
filtration rate (eGFR) using the Chronic Kidney Disease Epide-
miology Collaboration equation with the Japanese coefficient.24 
Serum albumin levels were measured using the Bromcresol Green 
method. Serum folate and vitamin B12 levels were measured using 
the chemiluminescence immunoassay method. Genetic analyses, 
including analysis of the MTHFR C677T polymorphism, were 
performed by using a HumanOmniExpressExome BeadChip array 
(Illumina, San Diego, California, USA) at the RIKEN Center for 
Integrative Medical Sciences.25

Statistical analysis
We tested trends of the baseline characteristics across quintiles of 
serum tHcy levels by using logistic or linear regression analysis. 
We calculated the Spearman’s correlation coefficients between 
serum tHcy levels and the MTHFR C677T polymorphism. The 
incidence rate of dementia were calculated with the person-year 
method. We used Cox proportional hazards regression models 
to estimate the HRs and 95% CIs of dementia according to the 
quintiles of serum tHcy levels. We first adjusted for age (contin-
uous) and sex (men or women), followed by education (≤9 
years or >9 years), hypertension (yes or no), diabetes (yes or 
no), serum total cholesterol (continuous), BMI (continuous), 
eGFR (<60 mL/min/1.73 m2 or ≥60 mL/min/1.73 m2), history of 
stroke (yes or no), current smoking (yes or no), current drinking 
(yes or no), regular exercise (<3 times/week or ≥3 times/week), 
serum albumin (continuous), serum folate (continuous) and 
serum vitamin B12 levels (continuous, log transformed). The 
proportional hazards assumption was checked using the log 
cumulative hazard plots. The trends in dementia risk across the 
quintiles of serum tHcy were tested by treating the quintiles as 
a continuous variable and assigning the midpoint concentration 
for each quintile. We performed sensitivity analyses by excluding 
individuals who developed dementia within the first 2 years of 
follow-up (n=44) and those who had not fasted overnight prior 
to blood sample collection (n=35). We used restricted cubic 
splines26 to show the shape of these associations with four knots 
placed at the 5th, 35th, 65th and 95th percentiles of serum tHcy 
levels (5.0, 7.3, 9.5 and 18.2 µmol/L, respectively). The fifth 
percentile (5.0 µmol/L) was set as the reference value. We tested 
for non-linearity based on the likelihood ratio test by comparing 
the log-likelihood of the model containing the linear term with 
that of the model containing cubic spline terms.26 27

We also ran multivariable-adjusted models stratified by the 
MTHFR C677T polymorphism to assess the potential effect 
of this polymorphism on the association between serum tHcy 
levels and dementia. Thirty participants with missing genotyping 
data for the MTHFR C677T polymorphism were excluded 
from this analysis (n=1558). For the MTHFR C677T polymor-
phism, subjects with the CT or TT genotype were categorised as 
carriers, and those with the CC genotype as non-carriers (CC) 
due to the relatively small proportion of the TT genotype (14%). 
We combined the first through the fourth quintiles of serum 
tHcy into one group (vs the top quintile) to maintain statistical 
power. The heterogeneity in the associations between subgroups 
was computed by adding a multiplicative interaction term to the 
model. We also performed subgroup analyses by all covariates. 
All statistical analyses were performed using the SAS software 
(V.9.4; SAS Institute, Cary, North Carolina, USA). Statistical 
significance was defined as a two-tailed p value of <0.05.
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Table 1  Baseline characteristics of participants according to the quintiles of serum total homocysteine levels

Characteristics

Serum total homocysteine levels (µmol/L)

P value for trend

Quintile 1
(≤6.4)
n=329

Quintile 2
(6.5–7.6) n=298

Quintile 3
(7.7–9.0) n=332

Quintile 4
(9.1–11.4) n=312

Quintile 5
(≥11.5)
n=317

Age, years 68 (7) 69 (6) 70 (7) 72 (8) 75 (8) <0.001

Male, % 13.1 30.5 50.0 53.5 65.9 <0.001

Education ≤9 years, % 45.9 49.0 53.6 55.4 59.9 <0.001

Systolic blood pressure, mm Hg 132 (20) 137 (21) 137 (20) 141 (22) 140 (20) <0.001

Diastolic blood pressure, mm Hg 77 (10) 80 (12) 79 (11) 81 (12) 80 (11) <0.001

Use of antihypertensive agents, % 25.5 35.2 33.1 41.3 45.7 <0.001

Hypertension, % 43.8 59.4 57.2 67.6 68.8 <0.001

Diabetes, % 18.8 25.5 23.2 22.4 20.2 0.99

Serum total cholesterol, mmol/L 5.5 (0.9) 5.4 (0.9) 5.2 (0.8) 5.1 (0.9) 4.9 (1.0) <0.001

Body mass index, kg/m2 23.1 (3.1) 23.5 (3.2) 23.1 (3.3) 23.0 (3.2) 22.4 (3.3) <0.001

eGFR <60 mL/min/1.73 m2, % 2.7 4.4 8.1 18.3 38.2 <0.001

History of stroke, % 3.0 3.7 1.5 6.1 11.4 <0.001

Current smoking, % 7.3 7.7 14.5 21.8 21.8 <0.001

Current drinking, % 28.3 31.9 39.5 42.6 36.3 0.002

Regular exercise (≥3 times/week), % 13.7 14.1 12.0 10.6 13.6 0.53

Serum albumin, g/dL 4.3 (0.2) 4.3 (0.2) 4.3 (0.3) 4.3 (0.3) 4.2 (0.4) <0.001

Serum folate, ng/mL 7.1 (7.7) 5.8 (2.5) 5.2 (2.4) 4.9 (2.4) 4.3 (2.2) <0.001

Serum vitamin B12, pg/mL* 591 (454–871) 502 (391–712) 435 (339–572) 414 (309–575) 353 (247–490) <0.001

Data are shown as mean (SD) or frequency.
*Values are median (IQR).
eGFR, estimated glomerular filtration rate;

Results
The median of serum tHcy levels was 8.3 µmol/L (IQR 6.7–10.6). 
Table 1 shows baseline characteristics according to the quintiles 
of serum tHcy concentration. Individuals with a higher serum 
tHcy level were older, more likely to be men, low-educated, 
current smokers and current drinkers than those with a lower 
serum tHcy level. The mean values of systolic and diastolic blood 
pressure and the rates of use of antihypertensive agents, hyper-
tension, impaired renal function and history of stroke increased 
significantly across the quintiles of serum tHcy levels. The mean 
values of serum total cholesterol, BMI, serum albumin, serum 
folate and serum vitamin B12 levels decreased significantly across 
the quintiles of serum tHcy levels.

During a median follow-up of 10.2 (IQR 7.4–10.3) years 
and 13 591 person-years, 372 participants (135 men and 237 
women) developed all-cause dementia. Of those dementia cases, 
331 had brain imaging, 72 had brain autopsy and 62 received 
both procedures; hence, 341 (91.7%) underwent some kind of 
morphological examination. Seventeen cases were diagnosed as 
a mixed type of AD and VaD, and therefore treated as events 
in the analysis for each subtype. In all, 247 participants devel-
oped AD, 98 developed VaD and 44 developed other subtypes 
of dementia. Table  2 shows that the multivariable-adjusted 
HRs of all-cause dementia, AD and VaD were not statistically 
different for the second through the fourth quintile of serum 
tHcy levels (HRs ranging from 0.64 to 1.38), but significantly 
higher (HRs ranging from 1.96 to 2.51) for the highest quin-
tile (≥11.5 µmol/L; median 14.1 µmol/L), as compared with the 
lowest quintile (≤6.4 µmol/L; median 5.7 µmol/L). In the sensi-
tivity analyses, the observed associations did not change after 
we excluded dementia cases occurring within the first 2 years 
of follow-up (online supplementary table S1) or excluded indi-
viduals who did not fast overnight prior to the blood sample 
collection (online supplementary table S2). In the subgroup anal-
yses by each covariate, there was no evidence of heterogeneity 

in the association of serum tHcy levels with all-cause dementia 
(all p for heterogeneity ≥0.10), except with respect to the educa-
tional status: the magnitude of the association was significantly 
stronger in subjects with education >9 years than in those with 
education ≤9 years (p for heterogeneity=0.03) (online supple-
mentary table S3).

Figure  1 shows the non-linear trends of these associations 
from the restricted cubic spline analyses. The risk of all-cause 
dementia was relatively flat at the low end of the serum tHcy 
levels, but increased rapidly between around 8 and 15 µmol/L 
and then plateaued thereafter (p for non-linearity <0.001). A 
similar non-linear shape was also seen for the tHcy-AD and the 
tHcy-VaD association (p for non-linearity=0.02 for AD and 
0.003 for VaD).

The average serum tHcy concentration was higher in carriers 
(CT/TT) than in non-carriers (CC) of the risk allele of MTHFR 
C677T (online supplementary table S4, p<0.001), with a Spear-
man’s correlation coefficient of 0.1 (p<0.001). The MTHFR 
C677T risk allele was associated with an elevated risk of all-
cause dementia (online supplementary table S5). Figure 2 shows 
that the association of serum tHcy with all-cause dementia 
remained statistically significant in both non-carriers (CC) and 
carriers (CT/TT) of the risk allele, and tended to be stronger in 
non-carriers than in carriers (p for heterogeneity=0.07). There 
were no statistically significant differences between non-carriers 
and carriers in the associations of serum tHcy with AD and VaD 
(both p for heterogeneity >0.10).

Discussion
In this prospective cohort study of Japanese older adults, high 
serum tHcy levels were associated with an increased risk of all-
cause dementia, AD and VaD in a non-linear manner, such that an 
exposure-response association was only observed within a range 
of relatively high serum tHcy levels. The positive association 
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Table 2  HRs and 95% CIs of all-cause dementia and its subtypes according to serum total homocysteine levels

Serum total homocysteine 
levels (µmol/L) No. of events Person-years

Crude incidence rate, 
/103 person-years

HR (95% CI)

Age-adjusted and sex-
adjusted P value Multivariable-adjusted* P value

All-cause dementia

 � Quintile 1 (≤6.4) 54 3092 17.5 1.00 (reference) 1.00 (reference)

 � Quintile 2 (6.5–7.6) 55 2736 20.1 1.09 (0.75 to 1.59) 0.64 1.13 (0.77 to 1.66) 0.53

 � Quintile 3 (7.7–9.0) 68 3035 22.4 1.15 (0.80 to 1.65) 0.46 1.25 (0.85 to 1.82) 0.25

 � Quintile 4 (9.1–11.4) 80 2620 30.5 1.31 (0.91 to 1.87) 0.15 1.38 (0.93 to 2.03) 0.11

 � Quintile 5 (≥11.5) 115 2109 54.5 2.14 (1.49 to 3.07) <0.001 2.28 (1.51 to 3.43) <0.001

 � P value for trend† <0.001 <0.001

Alzheimer's disease

 � Quintile 1 (≤6.4) 40 3092 12.9 1.00 (reference) 1.00 (reference)

 � Quintile 2 (6.5–7.6) 39 2736 14.2 1.07 (0.68 to 1.66) 0.77 1.13 (0.72 to 1.78) 0.59

 � Quintile 3 (7.7–9.0) 46 3035 15.1 1.09 (0.71 to 1.69) 0.68 1.12 (0.71 to 1.76) 0.62

 � Quintile 4 (9.1–11.4) 53 2620 20.2 1.20 (0.78 to 1.85) 0.40 1.28 (0.80 to 2.04) 0.31

 � Quintile 5 (≥11.5) 69 2109 32.7 1.83 (1.18 to 2.82) 0.007 1.96 (1.19 to 3.24) 0.008

 � P value for trend† 0.002 0.003

Vascular dementia

 � Quintile 1 (≤6.4) 14 3092 4.5 1.00 (reference) 1.00 (reference)

 � Quintile 2 (6.5–7.6) 9 2736 3.3 0.67 (0.29 to 1.56) 0.35 0.64 (0.27 to 1.52) 0.31

 � Quintile 3 (7.7–9.0) 17 3035 5.6 1.05 (0.51 to 2.17) 0.89 1.37 (0.64 to 2.94) 0.42

 � Quintile 4 (9.1–11.4) 19 2620 7.2 1.17 (0.56 to 2.41) 0.67 1.21 (0.56 to 2.63) 0.63

 � Quintile 5 (≥11.5) 39 2109 18.5 2.67 (1.34 to 5.33) 0.005 2.51 (1.14 to 5.51) 0.02

 � P value for trend† <0.001 0.001

*Adjusted for age, sex, education, hypertension, diabetes, serum total cholesterol, body mass index, estimated glomerular filtration rate, history of stroke, current smoking, 
current drinking, regular exercise, serum albumin, serum folate and serum vitamin B12 levels (log-transformed).
†Trend tests were conducted by treating the quintiles as a continuous variable and assigning the midpoint concentration for each quintile.

between serum tHcy and all-cause dementia persisted irrespec-
tive of the genetic risk for increasing serum tHcy, and even 
tended to be stronger for those at lower genetic risk for raised 
serum tHcy. Our findings raise the possibility that a non-linear 
association exists between the serum tHcy level and dementia.

Our results agree with those from previous prospective studies 
in which high circulating tHcy levels were associated with an 
elevated risk of all-cause dementia,7–9 11–14 AD7 8 10 11 13 14 and 
VaD.12 One meta-analysis of eight cohort studies suggested 
an exposure-response association between serum tHcy and 
dementia (HR: 1.5 per 5 µmol/L increment)28; however, such 
a risk estimation depends on the assumption of a linear associ-
ation. In this study, we first observed that the HRs for all-cause 
dementia were small and non-significant (1.13 to 1.38) for the 
second to the fourth quintiles of serum tHcy levels, but more 
than doubled for the highest quintile. This observed pattern was 
further confirmed by our analyses of the association shape, which 
showed that the exposure-response association was not present 
at the low end of serum tHcy levels, but only within the range of 
relatively high concentrations (nearly 10 µmol/L and over). The 
rapid increase in dementia risk in that relatively high serum tHcy 
range is in line with the findings from several cohort studies7 11–13 
and in vitro experiments.2 For instance, one study of Japanese 
older adults found no elevation of dementia risk in the middle 
(vs the lowest) tertile of tHcy levels, but doubled risk in the 
highest tertile (≥10.8 µmol/L).12 In the Framingham Study, the 
HRs of dementia were not significant in the lower quartiles of 
tHcy but more than doubled in the highest quartile, despite the 
use of higher cut-offs of tHcy levels than in the present study.7 
The MRI cohort study showed that the progression of small 
vascular lesions was rapidly increased in the highest quintile of 
serum tHcy levels, but not in the lower quintiles, which could 

in part explain the non-linear associations we observed in this 
study.29 In previously reported in vitro experiments, the dose-
dependent neurotoxicity of tHcy occurred at concentrations of 
10 µmol/L and over.2 Our results, together with these previous 
reports, suggest that tHcy-lowering interventions (eg, folic acid 
supplementation, although the evidence is still inconclusive5) 
may be effective for reducing the risk of dementia, especially in 
individuals who have relatively high serum tHcy levels.

We observed a plateau of dementia risk at the high end of 
serum tHcy levels (around 15 µmol/L and above). It may be that 
such high serum tHcy levels were sufficiently elevated to exert a 
maximum effect on dementia risk. However, we cannot rule out 
the possibility of a monotonic increase in dementia risk after that 
level of serum tHcy or higher, since an in vitro study showed that 
serum tHcy at 100 µmol/L seemed to cause more neuronal cell 
deaths than that at 10 µmol/L.2 Perhaps, the plateau we observed 
is attributable to the small number of participants with serum 
tHcy levels over 15 µmol/L in this study (n=127). Further large-
scale prospective studies are warranted to assess the dementia 
risk at high serum tHcy levels in greater detail.

We found an association between the risk allele of MTHFR 
C677T and excess risk of dementia, corroborating the results of 
prior studies.30 The MTHFR C677T polymorphism is known to 
be a common genetic variant that reduces MTHFR activity and 
consequently increases basal circulating tHcy levels.17 31 Raised 
serum tHcy levels can be caused by both genetic and non-genetic 
factors (including lifestyle-related factors, diseases and medi-
cines),6 17 but the former accounts for <10% of the variation in 
circulating tHcy levels.31 32 In the present study, the difference 
in the mean value of serum tHcy levels between carriers and 
non-carriers of the risk allele of MTHFR C677T was modest 
and the persistent positive associations between serum tHcy and 
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Figure 1  Restricted cubic splines for the association between serum 
total homocysteine concentrations and risk of dementia and its subtypes. 
Solid lines represent the HRs; dashed lines represent the 95% CIs. Knots 
were placed at the 5th, 35th, 65th and 95th percentiles (5.0, 7.3, 9.5 and 
18.2 µmol/L) of serum total homocysteine. A reference point was set at 5.0 
µmol/L. Serum total homocysteine values over 20 µmol/L were not present 
in the plots. The risk estimates were adjusted for age, sex, education, 
hypertension, diabetes, serum total cholesterol, body mass index, estimated 
glomerular filtration rate, history of stroke, current smoking, current 
drinking, regular exercise, serum albumin, serum folate and serum vitamin 
B12 levels (log-transformed).

Figure 2  Association between serum total homocysteine levels and 
dementia and its subtypes stratified by the MTHFR C677T polymorphism. 
MTHFR, methylenetetrahydrofolate reductase. HRs (95% CIs) of all-
cause dementia and its subtypes were estimated for participants in the 
highest quintile of serum total homocysteine (≥11.5 µmol/L) vs those in 
the lower quintiles (<11.5 µmol/L). The risk estimates were adjusted for 
age, sex, education, hypertension, diabetes, serum total cholesterol, body 
mass index, estimated glomerular filtration rate, history of stroke, current 
smoking, current drinking, regular exercise, serum albumin, serum folate 
and serum vitamin B12 levels (log-transformed).

dementia were observed in both carriers and non-carriers. These 
findings suggested that non-genetic factors may play important 
roles in this association irrespective of the genetic susceptibility 
for raised serum tHcy levels. This leads to the optimistic possi-
bility that individuals at high genetic risk for raised serum tHcy 
levels might also be targeted in tHcy-lowering interventions to 
lower their dementia risk.

Raised serum tHcy has long been a well-recognised risk factor 
for cardiovascular disease.33 34 Therefore, the association of 
tHcy levels with dementia is often explained by vascular mecha-
nisms linked to vascular dementia,32 such as impaired endothe-
lial function in the cerebral vasculature3 35 and cerebral amyloid 
angiopathy.36 In addition, homocysteine-induced vascular 
damages could lead to neuronal death and tau tangle deposition 
by causing transient ischaemia.37 Diet-induced high tHcy levels 

in the brain have been shown to increase tau hyperphosphory-
lation, to elevate β-amyloid production and deposition, and to 
cause memory deficits in mice.38 A population-based autopsy 
study also showed that elevated circulating tHcy levels were 
associated with cerebrovascular pathology, and AD pathology.39 
To sum up, it seems biologically plausible that high serum tHcy 
levels may increase the risk of all-cause dementia, AD and VaD 
through both vascular and neuronal mechanisms.

We found that the magnitude of the association between 
serum tHcy and dementia risk was heterogeneous between the 
education level subgroups, that is, the association was weaker 
in subjects with a low education level than in those with a 
high education level. The exact reason for this heterogeneity 
was unclear. In the present study, for subjects who had a low 
serum tHcy level, the age-adjusted and sex-adjusted incidence of 
dementia in those with a low education level was much higher 
than that in those with a high education level (online supple-
mentary table S6). Therefore, the influence of a low education 
level, which has been acknowledged to be a strong risk factor 
for dementia,40 may mask the effect on dementia of serum tHcy 
itself. Nevertheless, the significantly greater dementia risk in 
subjects with higher serum tHcy levels was observed for both 
subjects with low and those with high education levels. Thus, 
this heterogeneity is unlikely to alter our conclusions.

Major strengths of our study include its population-based 
prospective design in combination with a high participation 
rate and perfect follow-up, the availability of genetic data and 
the use of morphological data from neuroimaging and autopsy 
for accurate diagnosis of dementia subtypes. There are several 
limitations of this study. First, serum tHcy levels were measured 
only at baseline, which did not capture the variability during 
the follow-up. Serum tHcy levels and other covariates may have 
been changed, such as by folic acid supplement or modifications 
in lifestyle during follow-up. This may have biassed our results 
towards the null, resulting in an underestimation of the asso-
ciation between the serum tHcy level and dementia. Second, 
although we accounted for a wide range of confounders, 
we cannot rule out residual confounding by unmeasured 
confounders. Also, residual confounding by metabolic vitamin 
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B12 deficiency was still likely to exist after adjustment for serum 
vitamin B12 levels, since the blood concentration of total vitamin 
B12 does not fully reflect functional deficiency.41 Third, there is 
a possibility that cases of prodromal dementia were more likely 
to have been included in the subjects with elevated serum tHcy 
levels at baseline. However, our sensitivity analysis excluding 
dementia cases occurring within the first 2 years of follow-up 
did not materially alter any of the results. Fourth, as partici-
pants were recruited from one town in Japan, we urge caution 
in generalising the findings to populations with different 
backgrounds.

In conclusion, the present study demonstrates that high serum 
tHcy levels are associated with an elevated risk of dementia, AD 
and VaD in a non-linear fashion, such that an exposure-response 
association was present only within a relatively high range of 
serum tHcy levels. In addition, non-genetic factors affecting 
serum tHcy concentrations may be important in the tHcy-
dementia associations irrespective of the genetic susceptibility 
for raised serum tHcy levels. Our findings encourage future 
clinical trials to target individuals who have already presented 
elevated serum levels of tHcy, in order to test the effect of tHcy-
lowering on cognitive health. In addition, whether such a poten-
tial effect on cognitive health would also occur in subjects who 
are genetically predisposed to high serum tHcy levels warrants 
further studies.
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