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Abstract
No risk assessment tools for the efficacy of folic acid treatment for hyperhomocysteinaemia (HHcy) have been developed. We aimed to use two
common genetic risk score (GRS) methods to construct prediction models for the efficacy of folic acid therapy on HHcy, and the best gene–
environment predictionmodel was screened out. A prospective cohort study enrolling 638HHcy patientswas performed.Weused a logistic regres-
sionmodel to estimate the associations of twoGRSmethodswith the efficacy. Performanceswere compared using area under the receiver operating
characteristic curve (AUC). The simple count genetic risk score (SC-GRS) and weighted genetic risk score (wGRS) were found to be independently
associated with the efficacy of folic acid treatment for HHcy. Using the SC-GRS, per risk allele increased with a 1·46-fold increased failure risk
(P< 0·001) after adjustment for traditional risk factors, including age, sex, BMI, smoking, alcohol consumption, history of diabetes, history of hyper-
tension, history of hyperlipidaemia, history of stroke and history of CHD. When used the wGRS, the association was strengthened (OR = 2·08,
P < 0·001). Addition of the SC-GRS and wGRS to the traditional risk model significantly improved the predictive ability by AUC (0·859). A precise
gene–environment predictive model with good performance was developed for predicting the treatment failure rate of folic acid therapy for HHcy.
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Homocysteine (Hcy) is an amino acid and a metabolic by-
product formed by the conversion of methionine to cysteine(1).
The fasting plasma Hcy level in healthy adults is 5–15 μmol/l,
and higher than 15 μmol/l is considered to be hyperho-
mocysteinaemia (HHcy)(2,3). HHcy is significantly correlated
with CVD(4,5). In addition, HHcy is also associatedwith increased
risks of Alzheimer’s disease and fracture(6,7). The supplementary
of folic acid is the most commonly used method nowadays to
reduce the concentration of Hcy(8–12).

At home and abroad, the results of the study on supple-
mentation of folic acid to reduce Hcy concentration were
inconsistent(13–15). A previous study found that more than
40 % patients with HHcy failed to reach the normal level after
folic acid supplementation(16). These may be caused by
genetics. Some studies have shown that genetic polymor-
phisms of key enzymes in folic acid/Hcy metabolism not only
affect the level of baseline Hcy, but also affect the efficacy of
folic acid in reducing Hcy(17,18). So far, studies on the efficacy
of folic acid therapy have only explored the impacts of

single nucleotide polymorphism (SNP), and there is a certain
one-sidedness. Individual SNP have small effect on risk and
have poor predictive ability(19). To combine the relatively
small effects of individual SNP and to better capture the com-
plex relationship between genetics and the folic acid efficacy,
the use of genetic risk score (GRS) has been proposed. There
are two common approaches that can be used to determine
the genetic risk based on risk-related SNP: (a) simple count
genetic risk score (SC-GRS) and (b) weighted genetic risk
score (wGRS)(20–23).

There is no report on the relationship between GRS and
the efficacy of folic acid therapy in patients with HHcy,
and there is no research on the construction of a predictive
model for the treatment of folic acid. In the present study, we
seek to compare the two methods (SC-GRS and wGRS) in
their ability to predict the efficacy of folic acid therapy. In
addition, we used these methods to construct prediction
models for the efficacy of folic acid therapy on HHcy and
the best prediction model was screened out. The present

Abbreviations: AUC, area under the receiver operating curve; GRS, genetic risk score; Hcy, homocysteine; HHcy, hyperhomocysteinaemia; SC-GRS, simple
count genetic risk score; wGRS, weighted genetic risk score.
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study provides a scientific basis for more effective prevention
and treatment of HHcy.

Methods

Study participants

The study involved 638 HHcy patients (Hcy ≥ 15 μmol/l). The
detailed study design estimation had been described else-
where(17). We retrospectively analysed information on age,
sex, smoking, alcohol consumption, disease history, biochemi-
cal indicators, genetic polymorphisms and so on. As described
previously, the therapy was effective if patients’ Hcy levels
decreased to 15 μmol/l or less, which put them in the success
group. The therapy was unsuccessful if patients’ Hcy levels
were greater than or equal to 15 μmol/l, which put them in
the failure group(17). The study was approved by the Ethics
Review Committee of the Life Science of Zhengzhou
University. All subjects or relatives signed informed consent.

Sample size

According to the relevant references, and with the effects of folic
acid supplementation and efficacy-related gene polymorphisms
on folic acid efficacy taken into consideration, a non-parametric
matching designwas adopted. The SNPwith the lowest variation
rate of genetic loci in the population was selected to estimate the
sample size. Minor allele frequency P0=13 %, expected risk ratio
(RR) = 2·0, α = 0·05 and β = 0·10. The formula is:

n ¼ 2pqðZ� þ ZβÞ2=ðP1 � P0Þ2

P1 ¼ P0RR= 1 þ P0 RR� 1ð Þ½ �

p ¼ 0:5 P1 þ P0ð Þ; q ¼ 1� p

The sample size was approximately 300, with 150 in
each group.

SNP selection and genotyping

We selected six previously identified SNP affecting the efficacy
of folic acid therapy(17,18,24–27). All these SNP hadminor allele fre-
quency > 0·05 in the Chinese population. In addition, all these
SNP also did not deviate from Hardy–Weinberg equilibrium.
Genomic DNA was extracted using a whole blood genomic
DNA extraction kit (Bio Teke®) according to the manufacturer’s
protocol. Genotypes and alleles were detected using
Sequenom’s MassArray system.

Assessment of genetic risk score

For the construction of GRS, each of the six SNP was initially
examined for independent association with the efficacy in logis-
tic regression. A GRS (GRS-6) was constructed based on all SNP.
We also constructed another GRS (GRS-3) based on nominal
significance and consistent direction of effect. The two most
common used methods of genetic risk assessment were used
for the evaluation of folic acid efficacy. The calculations of
two methods are:

Method 1 (simple count genetic risk score)

The SC-GRS was the simplest methods. This method was easy to
understand and the calculation was simple. The calculation did
not involve any prior information of SNP effect. That is, SC-GRS
was calculated by summing the number of risk alleles (0, 1 or 2)
at each polymorphic locus.

Method 2 (weighted genetic risk score)

In this method, the different effects of SNP on efficacy of
folic acid treatment for HHcy were considered. The weight
(β-coefficient) in this method came from the existing original
data, which was used to fit the logistic regression model and
the estimated SNP effect in the model was used as the weight.

Table 1. Baseline characteristics of success group and failure group
(Mean values and standard deviations; numbers of participants and percentages)

Success group (n 325) Failure group (n 313)

Variables Mean SD n % Mean SD n % P

Age (years) 64·57 15·82 66·23 13·38 0·152*
Sex 0·061
Male 183 56·31 199 63·58
Female 142 43·69 114 36·42
BMI (kg/m2) 23·67 2·03 24·19 2·08 0·001
Smoker 98 30·15 121 38·66 0·024
Alcohol consumption 42 12·92 51 16·29 0·228
Past history
CHD 42 12·92 122 38·98 <0·001
Stroke 127 39·00 139 44·41 0·172
Diabetes 51 15·69 110 35·14 <0·001
Hypertension 145 44·62 208 66·45 <0·001
Hyperlipidaemia 5 1·54 12 3·83 0·072
FPG (mmol/l) 5·41 1·94 5·63 2·21 0·174*
Total cholesterol (mmol/l) 4·23 1·00 4·47 0·99 0·003*
TAG (mmol/l) 1·53 1·04 1·63 1·21 0·261*
HDL-cholesterol (mmol/l) 1·15 0·32 1·07 0·27 0·001*
LDL-cholesterol (mmol/l) 2·45 0·73 2·65 0·75 <0·001*

FPG, fasting plasma glucose.
* Student’s t test.
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The wGRS was calculated by multiplying the number of risk
alleles (0 for homozygous of non-risk alleles, 1 for heterozy-
gous of alleles and 2 for homozygous of the risk alleles) for each
individual by each β-coefficient obtained from the logistic
regression.

Statistical analysis

The significance of differences between the success group
and the failure group was examined with Student’s t test or
the χ2 test. The relationship between SNP and the efficacy of folic
acid therapy for HHcy were examined using unconditioned
logistic regression models with and without adjustment for dif-
ferent traditional risk factors. The GRS was modelled as a con-
tinuous variable or categorised into quintiles and used for
analysis. We used logistic regression to simulate a model to dif-
ferentiate folic acid intervention success and failure. This model
was primarily used to identify the relationship between one or
more independent variables and the dependent variable(28).
The form of this model was:

Logit Pð Þ¼ log

�
p

1�P

�
¼β0 þ β1X1 þ β2X2 þ � � � þ βmXm

where P was the probability of intervention failure, β was
parameter to be estimated and X was the independent variable.
In multivariate analyses, logistic regression was used to evalu-
ate two genetic risk assessment methods, adjusting for age, sex,
BMI, smoking and alcohol consumption (model A); or age, sex,
BMI, smoking, alcohol consumption, history of diabetes, his-
tory of hypertension, history of hyperlipidaemia, history of
stroke and history of CHD (model B); or age, sex, BMI, smok-
ing, alcohol consumption, history of diabetes, history of hyper-
tension, history of hyperlipidaemia, history of stroke, history
of CHD and biochemical indicators (model C); or BMI, smok-
ing, history of diabetes, history of hypertension, history of
CHD, total cholesterol, HDL-cholesterol and LDL-cholesterol
(model D). We plotted receiver operating characteristic curves
and the predictive ability of two methods of genetic risk assess-
ment was evaluated using the area under the receiver operating
curve (AUC) analyses(29). We also calculated corresponding
AUC for the different models with and without the SC-GRS/
wGRS. The AUC were compared by Z-tests. All statistical analy-
ses were performed using SPSS 23.0 (IBM Corporation) and
MedCalc 15.2.2 (MedCalc Software). Two-sided P < 0·05 was
considered statistically significant.

Results

Characteristics of the study participants

A total of 638 patientswithHHcywere enrolled and theywere on
folic acid treatment at the start of research. After 3 months of the
intervention of folic acid, the levels of Hcy in 325 patients were
reduced to normal. The data on plasma Hcy concentration
before and after the intervention are shown in Supplement
Table 1. The baseline characteristics of participants in the suc-
cess group and the failure group are summarised in Table 1. T
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The individuals in the failure group aremore likely to be smokers
and had more disease history and higher BMI than those in the
success group.

Association between individual SNP and the efficacy of
folic acid

In Table 2, for each SNP,we present the risk allele, effect size, OR
and P values. We first examined the associations between the
individual SNP and the efficacy of folic acid. Three SNP were
associatedwith the failure of folic acid treatment. The differences
remained significant even after adjusted for age, sex, BMI, smok-
ing, drinking, history of diabetes, history of hypertension, history
of CHD and biochemical indicators (Table 2).

Association between genetic risk score and the efficacy of
folic acid

We evaluated the association of the joint effects of the three
nominally statistical significant loci and all SNPwith the efficacy
of folic acid. We calculated a SC-GRS representing the sum of
the risk alleles. The distribution of the number of risk alleles in
the failure group and the success group is shown in Fig. 1.
When risk alleles were more than four, the distribution of the
failure group was greater than that of the success group.
When GRS is modelled as continuous variables, we compare
the association between GRS-3 and GRS-6 and the efficacy
(Table 3). Compared with GRS-6, the association was strength-
ened and significant when GRS-3 was used. A similar conclu-
sion could be drawn from Fig. 2. SC-GRS and wGRS were
associated with the efficacy of folic acid in different regression
models (Table 4). When age, sex, BMI, smoking, alcohol con-
sumption, history of diabetes, history of hypertension, history
of hyperlipidaemia, history of stroke and history of CHD
were included in the model (model B), the association was

strengthened and remained significant (Table 4). In model B,
when the SC-GRS method was used, comparing with the sub-
jects with the first GRS quartile, subjects with the second quar-
tile (OR 2·82, 95 % CI 1·50, 5·29, P 0·001), third quartile (OR
2·37, 95 % CI 1·29, 4·36, P 0·006) and fourth quartile (OR
4·28, 95 % CI 2·25, 8·12, P < 0·001) had an increased risk of
the failure of efficacy. In the wGRS method, comparing with
the subjects with the first GRS quartile, subjects with the fourth
quartile (OR 4·22, 95 % CI 2·23, 7·99, P < 0·001) had an
increased risk of the failure of efficacy (model B). Using the
SC-GRS method, per risk allele increased with a 1·46-fold
increased failure risk (95 % CI 1·24, 1·73, P < 0·001) (model B).
When using the wGRS method, per risk allele increased
with a 2·01-fold increased failure risk (95 % CI 1·47, 2·74,
P < 0·001) (Table 4).

Fig. 1. Distribution of the number of risk alleles between the failure group ( )
and success group ( ).

Table 3. Association of genetic risk score (GRS)-3 and GRS-6 with the
efficacy of folic acid
(Odds ratios and 95 % confidence intervals)

OR per risk allele 95 % CI P*

SC-GRS
GRS-3 1·46 1·24, 1·73 <0·001
GRS-6 1·32 1·15, 1·51 <0·001
wGRS
GRS-3 2·01 1·47, 2·74 <0·001
GRS-6 1·99 1·46, 2·70 <0·001

SC-GRS, simple count GRS; wGRS, weighted GRS.
*P valueswere calculated by logistic regression analysis with adjustment for age, sex,
BMI, smoking, alcohol consumption, history of diabetes, history of hypertension,
history of hyperlipidaemia, history of stroke and history of CHD.

Fig. 2. Receiver operating characteristic curves for the efficacy discrimination
using genetic risk score (GRS)-3 as compared with GRS-6. The weighted GRS
(wGRS) are based on logistic regression models adjusting for age, sex, BMI,
smoking, alcohol consumption, history of diabetes, history of hypertension, his-
tory of hyperlipidaemia, history of stroke and history of CHD. SC-GRS, simple
count genetic risk score; AUC, area under the receiver operating curve.
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The predictive capability analysis of genetic risk score and
the conventional risk factors

We examined the predictive ability of the GRS for the efficacy in
different models (Fig. 3). Adding SC-GRS or wGRS to the differ-
ent models resulted in improvement in risk discrimination of the
failure of folic acid efficacy (Table 5). The addition of the SC-GRS
or wGRS to the traditional risk factors (age, sex, BMI, smoking,
alcohol consumption, history of diabetes, hypertension, hyper-
lipidaemia, stroke and CHD) slightly improved the AUC from
0·846 to 0·859 (P = 0·015 and P = 0·014, respectively, model B;
Table 5). We got similar results from model C (Table 5). The
AUC using wGRS was not significantly improved as compared
with the SC-GRS in different models (P = 0·062,
P = 0·815, P = 0·591, P = 0·613, respectively).

Discussion

In the present study, two common GRS methods (SC-GRS and
wGRS) based on three significant SNP were associated with
the risk of folic acid efficacy in different models. The optimal

predictive model was the model which included GRS and
adjusted for traditional factors, including age, sex, BMI, smoking
and alcohol consumption, history of diabetes, hypertension,
hyperlipidaemia, stroke and CHD. In addition, the two common
GRS methods (SC-GRS and wGRS) improved risk prediction of
folic acid efficacy when assessment by the C-statistic (AUC) in
four models.

In our study, the GRS methods we selected were SC-GRS and
wGRS. There were five commonly used GRS methods such as
SC-GRS, OR weighted GRS (OR-GRS), direct logistic regression
genetic risk score (DL-GRS), polygenic genetic risk score (PG-
GRS) and explained variance weighted genetic risk score (EV-
GRS). It is worth mentioning that the wGRS and DL-GRS were
the same calculation methods. They were just different names
in our research. The OR-GRS was calculated in the same way
as DL-GRS, but the sources of weight (log(OR)) were different.
The OR were usually derived from meta-analysis or genome-
wide association studies(30–33), that is, it relied on external data
rather than original data. Similarly, The EV-GRS method also
relied on external data(34). However, we had original research
data. The PG-GRS method was mostly used when there were

Table 4. Association of simple count genetic risk score (SC-GRS) and weighted genetic risk score (wGRS; GRS-3) with the efficacy in different models†
(Odds ratios and 95 % confidence intervals)

Model A Model B Model C Model D

OR 95 % CI P OR 95 % CI P OR 95 % CI P OR 95 % CI P

SC-GRS
Continuous 1·40 1·22, 1·60 <0·001 1·46 1·24, 1·73 <0·001 1·44 1·21–1·71 <0·001 1·37 1·18–1·58 <0·001
Quartiles <0·001* <0·001* <0·001* <0·001*
2nd v. 1st 1·96 1·20, 3·21 0·007 2·82 1·50, 5·29 0·007 2·64 1·39, 5·00 0·003 1·98 1·15, 3·41 0·014
3rd v. 1st 2·06 1·28, 3·32 0·003 2·37 1·29, 4·36 0·006 2·32 1·25, 4·32 0·008 2·02 1·21, 3·39 0·008
4th v. 1st 3·40 2·06, 5·61 <0·001 4·28 2·25–8·12 <0·001 3·94 2·05, 7·54 <0·001 3·177 1·84, 5·47 <0·001

wGRS
Continuous 1·99 1·51, 2·63 <0·001 2·01 1·47, 2·74 <0·001 2·02 1·45, 2·82 <0·001 1·96 1·43, 2·68 <0·001
Quartiles <0·001* <0·001* 0·005* <0·001*
2nd v. 1st 1·14 0·74, 1·76 0·555 3·06 1·63, 5·73 <0·001 1·88 1·11, 3·20 0·020 1·99 1·17, 3·41 0·012
3rd v. 1st 1·73 1·07, 2·79 0·025 2·30 1·25, 4·24 0·007 1·05 0·49, 2·25 0·904 1·96 1·17, 3·28 0·010
4th v. 1st 2·46 1·56, 3·87 <0·001 4·22 2·23, 7·99 <0·001 2·75 1·53, 4·96 0·001 3·13 1·82, 5·37 <0·001

* P value for trend.
† Model A (age, sex, BMI, smoking and alcohol consumption adjusted); model B (model A þ history of diabetes, hypertension, hyperlipidaemia, stroke and CHD adjusted); model C
(model A þ model B þ fasting plasma glucose, total cholesterol, TAG, HDL-cholesterol and LDL-cholesterol adjusted); model D (BMI, smoking, history of diabetes, history of
hypertension, history of CHD, total cholesterol, HDL-cholesterol and LDL-cholesterol adjusted).

Table 5. AUC with and without genetic risk score in different models§
(Areas under the curve and 95 % confidence intervals)

Model

Traditional risk factors
Traditional risk

factors þ SC-GRS
Traditional risk
factors þ wGRS

P* P† P‡AUC 95 % CI AUC 95 % CI AUC 95 % CI

Model A 0·606 0·562, 0·649 0·652 0·610, 0·695 0·652 0·609, 0·694 0·007 0·062 0·062
Model B 0·846 0·816, 0·876 0·859 0·830, 0·887 0·859 0·830, 0·887 0·015 0·014 0·815
Model C 0·853 0·823, 0·882 0·863 0·834, 0·891 0·863 0·834, 0·891 0·032 0·033 0·591
Model D 0·740 0·702, 0·778 0·758 0·721, 0·794 0·758 0·721, 0·795 0·029 0·024 0·613

SC-GRS, simple count genetic risk score; wGRS, weighted genetic risk score.
* Comparing AUC between traditional risk factors and traditional risk factors þ SC-GRS.
† Comparing AUC between traditional risk factors and traditional risk factors þ wGRS.
‡ Comparing AUC between traditional risk factors þ SC-GRS and traditional risk factors þ wGRS.
§ Model A (age, sex, BMI, smoking and alcohol consumption adjusted); model B (model Aþ history of diabetes, hypertension, hyperlipidaemia, stroke and CHD adjusted); model C
(model A þ model B þ fasting plasma glucose, total cholesterol, TAG, HDL-cholesterol and LDL-cholesterol adjusted); model D (BMI, smoking, history of diabetes, history of
hypertension, history of CHD, total cholesterol, HDL-cholesterol and LDL-cholesterol adjusted).
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many SNP selected(35). It ismore flexible if the underlying genetic
mode is unknown(34). Therefore, in our study, we selected two
GRS methods, SC-GRS and wGRS (DL-GRS), to analyse the effi-
cacy on efficacy of folic acid treatment for HHcy.

The direction of the six SNP affecting the efficacy of folic
acid therapy was consistent with previous studies(17,18,24–27).
Especially, three SNP (rs1801131, rs1801133 and rs1801394)
showed significant association with the folic acid efficacy. The
present study also indicated that the joint effects of these SNP
had significant influence on the failure of folic acid efficacy.
We analysed the association between GRS and efficacy by
adjusting for different traditional risk factors. We found that
the OR was higher in model B (age, sex, BMI, smoking, alcohol
consumption, history of diabetes, history of hypertension, his-
tory of hyperlipidaemia, history of stroke and history of CHD
adjusted) compared with model A (age, sex, BMI, smoking
and alcohol consumption adjusted) and model C (age, sex,

BMI, smoking, alcohol consumption, history of diabetes, history
of hypertension, history of hyperlipidaemia, history of stroke
and history of CHD and biochemical indicators adjusted) and
model D (BMI, smoking, history of diabetes, history of hyperten-
sion, history of CHD, total cholesterol, HDL-cholesterol and LDL-
cholesterol adjusted). Similarly, compared with model C and
model D, the predictive ability is higher in model B. This result
also showed that adjusting for traditional risk factors that have an
effect on the efficacy did not improve the predictive ability. This
may be due to the existence of confounding factors affecting the
results of the study. However, it is not themore significant results
you will get when adjusting for more factors. A study had
showed that when they adjusted formore factors, the association
was somewhat attenuated(21).

GRS were often analysed as continuous and categorical var-
iables, and the results of the two methods were all taken into
account rather than only as the continuous or categorical

Fig. 3. Receiver operating characteristic curves for the efficacy of folate. The curves are based on logistic regressionmodels incorporating traditional risk factorswith and
without the genetic risk score (simple count genetic risk score (SC-GRS) and weighted genetic risk score (wGRS)). Model A (traditional risk factors, including age, sex,
BMI, smoking and alcohol consumption); model B (traditional risk factors, including age, sex, BMI, smoking and alcohol consumption, history of diabetes, hypertension,
hyperlipidaemia, stroke and CHD); model C (traditional risk factors, including age, sex, BMI, smoking and alcohol consumption, history of diabetes, hypertension, hyper-
lipidaemia, stroke, CHD, fasting plasma glucose, total cholesterol, TAG, HDL-cholesterol and LDL-cholesterol); model D (traditional risk factors, including BMI, smoking,
history of diabetes, history of hypertension, history of CHD, total cholesterol, HDL-cholesterol and LDL-cholesterol).
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variables(23,36,37). Therefore, we analysed the GRS as the continu-
ous variables and the categorical variables, respectively. In
model B, when the GRS was modelled as a continuous variable,
we found that per risk allele increased with a 1·46-fold increased
failure risk using SC-GRS method and per risk allele increased
with a 2·01-fold increased failure risk using wGRS. In contrast,
the subjects in the top quartile of SC-GRS had 4·28-fold increased
failure risk compared with those in the lowest quartile in model
B. The subjects in the top quartile of wGRS had 4·22-fold
increased failure risk compared with those in the lowest quartile
in model B. In addition, for predictive ability, SC-GRS and wGRS
had no statistically significantly different. This is different from
previous studies. Previous studies had always showed that
weighted GRS had more significantly different than unweighted
GRS(23,38,39). The reason why the results were inconsistent may
be the insufficient number of SNP we selected. Further studies
are needed to analyse the association between GRS and folic
acid efficacy by selecting more SNP.

The present study aimed to resolve some of the issues found
in disease prevention, and it has theoretical and practical value.
Currently, only some studies have identified SNP associated with
the efficacy of folic acid lowering HHcy. No studies have com-
bined individual SNP to explore their association with the folic
acid efficacy.We used four models to determine the optimal pre-
diction model and we also compared two common GRS meth-
ods. However, several limitations of the present study need to
be considered. First, folic acid is also ingested in the human diet,
however, without a consumption assessment. In addition, we
did not collect other vitamins (B6 and B12) information, which
may be involved in the metabolic pathway affected by the inter-
vention. Second, there is a lack of more SNP related to the folic
acid efficacy. That may lead to inaccurate results. Finally, the
external validation of the present study results in the prospective
cohort study is needed in the future.

Conclusions

We found that the addition of a wGRS to a conventional risk fac-
tor-based model (age, sex, BMI, smoking, alcohol consumption,
history of diabetes, history of hypertension, history of hyperlipi-
daemia, history of stroke and history of CHD adjusted) signifi-
cantly improved predictive performance with C-statistic of
0·859. We believe that the precise prediction model will be use-
ful for clinicians to estimate an individual’s risk for
failure of folic acid efficacy with high precision.
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