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Introduction
Vascular calcification (VC), an abnormal condition 
affecting the cardiovascular system, is characterized 
by calcium-phosphate deposition [1]. VC is asso-
ciated with diminished vascular elasticity, which 
in turn increases vulnerability to cardiovascular 

events, diabetes, and chronic kidney disease [2, 3]. 
Abdominal aortic calcification (AAC), a type of 
VC, is considered a separate predictor of cardiovas-
cular events and mortality [4]. Previously identified 
risk factors for AAC include advanced age, smok-
ing, hypertension, and diabetes [5, 6].

Methylmalonic acid (MMA) is commonly used to 
identify hereditary methylmalonic acidemia and to 
vitamin B12 sufficiency [7]. MMA is an intermedi-
ate metabolite in the catabolism of amino acids and 
odd-chain fatty acids [8]. MMA accumulation leads 
to inhibition of several enzymes including methyl-
malonyl-CoA mutase in the tricarboxylic acid cycle, 
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respiratory chain metabolism, and mitochondrial 
transport leading to augmented generation of oxida-
tive stress and reactive oxygen species, mitochondrial 
membrane potential, and abnormal bioenergetics 
profiling [9]. Diabetes, cardiovascular disease, and 
aging have all been associated with MMA [10–12].

The advancement of VC is affected by multiple 
cell communication pathways, such as autophagy, 
oxidative stress, and mitochondrial dysfunction 
[13–15]. Recent research has indicated that an 
abundance of phosphate is associated with impaired 
mitochondrial function in vascular smooth mus-
cle cells (VSMCs). This impairment manifests as 
elevated reactive oxygen species, poor ATP gen-
eration, and impaired mitochondrial membrane 
potential [16]. AAC and MMA accumulation are 
both age-related diseases with similar risk factors. 
Therefore, elucidating their association is critical to 
understanding the fundamental underlying mecha-
nisms. However, sufficient research has not been 
conducted on the link between MMA and AAC. 
Consequently, this study examined the relation-
ship between serum MMA levels and AAC preva-
lence among participants ≥40 years of age in the 
National Health and Nutrition Examination Survey 
(NHANES).

Materials and Methods

Study Population and Design

NHANES, a cross-sectional sample survey, is per-
formed every 2 years by the National Center for 
Health Statistics to evaluate the health and nutritional 
status of Americans of all ages. Data are collected 
through both interviews and examinations. Trained 
personnel administer standardized questionnaires to 
collect data on demographic, socioeconomic, nutri-
tional, and health factors. Qualified medical profes-
sionals conduct physical assessments and laboratory 
tests at mobile examination facilities.

Data on patients with AAC were obtained from 
the survey conducted from 2013 to 2014. A total 
of 10,175 participants were included in this study. 
Any participants with missing data for variables, 
MMA, or AAC were excluded. The final sample 
in the cross-sectional analysis comprised 2483 
participants. Figure 1 shows the flowchart for the 
investigation.

Assessment of AAC

The degree of calcification was assessed with the 
AAC score, which was determined according to 
lateral spine dual-energy X-ray absorptiometry 
(DXA) images. NHANES uses DXA because of 
its low radiation dose, excellent sensitivity, and 
good accuracy in detecting AAC. The prevalence 
of AAC was assessed with the established Kauppila 
score system, which is commonly used for evaluat-
ing this measurement [17, 18]. Only individuals 40 
years of age or above were eligible to receive DXA 
scans. The eligibility criteria for the study included 
not being pregnant, not having used barium for 
radiographic contrast in the past week, having a 
weight not exceeding 450 pounds, and not hav-
ing a Harrington rod in the spine for scoliosis. The 
AAC score ranged from 0 to 24, and a score of 1 or 
greater was defined as AAC [6, 19].

Covariates

The basic demographic variables included age, sex, 
race, and education level. Race was categorized as 
non-Hispanic White, non-Hispanic Black, or other. 
Education levels were categorized as less than high 
school, or high school or above. The formula for cal-
culating body mass index (BMI) was weight in kilo-
grams divided by height in meters squared. A BMI 
<25 kg/m2 was considered normal weight, whereas 
a BMI ≥25 kg/m2 was considered overweight. 
Individuals with a history of smoking at least 100 
cigarettes were categorized as smokers. Participants 
with a medical history of hypertension, diabetes, or 
coronary artery disease (CAD) were included in our 
study. Participants who answered affirmatively to 
the questions “Have you ever been told by a doctor 
or other health professional that you had hyperten-
sion, also called high blood pressure?” or “Have you 
ever been told by a doctor or health professional that 
you have diabetes or sugar diabetes?” were classi-
fied as having hypertension or diabetes, respectively. 
Participants who responded affirmatively to the ques-
tion “Has a doctor or other health professional ever 
told you that you had coronary heart disease?” were 
defined as having CAD. In addition, hypertension, 
diabetes, serum vitamin B12, serum folate, serum 
total calcium, serum phosphorus, total cholesterol 
(TC), hemoglobin, high-density lipoprotein choles-
terol (HDL-C), serum uric acid, blood urea nitrogen 
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(BUN), urine creatinine, and serum 25(OH)D were 
included in our study. The Modification of Diet 
in Renal Disease equation was used for determin-
ing the estimated glomerular filtration rate (eGFR) 
[20]. The NHANES Dietary Data section was used 
to determine the dietary folic acid and vitamin B12 
intake of the participants in the prior 30 days.

Statistical Analysis

Because of the complexity of the sampling strat-
egy in the NHANES investigation, we used sample 
weights for all statistical analyses in this research. 
Continuous data and categorical data are pre-
sented as medians and percentages, respectively. 
Previous research has suggested that MMA levels 
≥250 nmol/L serve as a diagnostic factor for vita-
min B12 deficiency [12]. Therefore, participants 
were divided into two groups, on the basis of MMA 
levels ≥250 nmol/L or <250 nmol/L. We adjusted 
for the confounding effects of age and sex through 

propensity score matching (PSM) with the R pack-
age MatchIt [21]. The Spearman correlation coef-
ficient was used to assess the correlations among 
all continuous covariates. Univariate and multivari-
ate analyses were performed to investigate the rela-
tionship between MMA level and AAC. The mul-
tivariate model was controlled for MMA groups, 
hypertension, smoking status, CAD, HDL-C, serum 
calcium, and diabetes. The accuracy of the multi-
variate logistic regression model in assessing AAC 
predictions was evaluated according to the receiver 
operating characteristic (ROC) curve. R software 
(version 4.3.0) was used for all analyses, and a sig-
nificance threshold of 0.05 was applied for all tests.

Results

Baseline Characteristics

The NHANES cycle from 2013 to 2014 included 
10,175 participants. After exclusion of individuals 

Figure 1  Flowchart of NHANES Participants.
Sample selection and exclusion criteria for AAC and non-AAC. NHANES, National Health and Nutrition Examination Survey; 
AAC, abdominal aortic calcification; MMA, methylmalonic acid.
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with incomplete AAC information (n = 7035), our 
analysis further excluded those with missing MMA 
information (n = 129). In addition, we excluded 528 
participants with missing covariate data. Finally, a 
total of 2483 individuals were registered for par-
ticipation in this study. A summary of the attrib-
utes of the excluded individuals is provided in 
Supplementary Table 1, including an overview of 
their baseline information. A summary of the base-
line characteristics of the included participants is 
provided in Table 1. Compared with individuals with 
low MMA levels, those with high MMA levels were 
more likely to be older; to be non-Hispanic White; 
and to have hypertension, diabetes, low serum B12, 
high uric acid, high BUN, high serum creatinine, 
low eGFR, or high prevalence of AAC. A total of 
2483 participants were registered in this research, 
comprising 732 with AAC and 1751 without AAC. 
In comparison to individuals without AAC, those 
with AAC were more likely to be older; to be non-
Hispanic White; to have hypertension or diabetes; 
to be smokers; and to have CAD, high serum folate, 
high uric acid, high BUN, high serum creatinine, 
low eGFR, low HDL-C, low vitamin B12 intake, or 
elevated MMA levels (Supplementary Table 2).

PSM minimized the influence of potential con-
founding bias between groups. Using age and sex 
as variables, we applied a logistic regression model. 
The two sets were paired with a nearest neigh-
bor matching algorithm with a caliper of 0.05 in 
a one-to-one ratio. After PSM, the age difference 
between individuals with and without AAC sig-
nificantly decreased, and the age became compa-
rable between groups. No substantial variations 
in sex, education, smoking status, and CAD were 
observed between the high and low MMA groups 
after PSM. Moreover, no differences in the levels 
of serum folate, serum phosphorus, TC, urine cre-
atinine, HDL-C, hemoglobin, 25-hydroxyvitamin 
D (25(OH)D), folic acid intake, and vitamin B12 
intake were observed between groups. Notable dif-
ferences in BMI and serum calcium were observed 
between cohorts after PSM. Participants diagnosed 
with AAC, compared with those without AAC, had 
a higher likelihood of having hypertension, being 
smokers, and having CAD or elevated MMA lev-
els after PSM. The statistical results indicated a 
strong relationship between MMA level and AAC 
incidence.

Serum MMA and AAC

To investigate the correlation between the covariates 
and serum MMA levels, we conducted Spearman 
correlation analysis (Figure 2). Significant associa-
tions of MMA with uric acid, TC, BUN, serum cre-
atinine, and eGFR were observed, whereas no asso-
ciations were found between MMA and the dietary 
intake of vitamin B12 or folic acid. Notably, although 
a negative correlation was observed between MMA 
and vitamin B12, it was not statistically significant. 
Table 2 displays the findings of both univariate and 
multivariate logistic regression analyses investigat-
ing the relationship between MMA and AAC. The 
univariate analysis indicated that hypertension, 
smoking, HDL-C, CAD, and MMA were signifi-
cantly associated with AAC. The multivariate logis-
tic regression analysis results are shown in Table 2. 
Although serum calcium and diabetes did not show 
statistical significance in the univariate regression, 
these variables were included in the multifactorial 
regression, because they have been linked to AAC 
incidence in prior research [22, 23]. After correc-
tion for diabetes, HDL-C, CAD, hypertension, 
smoking, and serum calcium, elevated MMA was 
substantially associated with the incidence of AAC 
(OR: 1.38, 95% CI: 1.01–1.90, P = 0.046). In addi-
tion, smoking remained a risk factor for AAC even 
after adjustment for the effects of confounding vari-
ables (OR: 1.84, 95% CI: 1.04–3.27, P = 0.039). On 
the basis of an area under the ROC curve of 0.612 
(95% CI: 0.580–0.643), the logistic regression 
model used in this study demonstrated an ability to 
diagnose AAC (Figure 3).

Furthermore, 732 participants with a Kauppila 
score ≥1 were included in this research to exam-
ine the relationship between MMA level and AAC 
severity. Severe abdominal aortic calcification was 
defined by a Kauppila score >6 [24]. Supplementary 
Table 3 provides a summary of the individuals’ 
baseline characteristics. A correlation was observed 
between higher MMA levels and greater prob-
ability of having severe abdominal aortic calcifica-
tion. Only significant covariates from the univari-
ate regressions were included, because of sample 
size limitations. Interestingly, multivariate logistic 
regression analysis revealed no significant correla-
tion between MMA and severe abdominal aortic 
calcification, as shown in Supplementary Table 4.
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Subgroup Analysis

To investigate the link between MMA and AAC in 
greater detail, we performed analysis according to 
BMI and eGFR subgroups (Figure 4). Participants 
were divided into two categories according to a 
threshold value of 60 mL/min/1.73 m2 for eGFR. 
The subgroup analysis revealed no remarkable 
association between MMA and the occurrence of 
AAC across subgroups defined by BMI and eGFR. 
BMI and eGFR did not significantly affect the asso-
ciation between MMA and AAC.

Discussion
Serum MMA levels ≥250 nmol/L were found to 
substantially correlate with AAC, a severe vascular 
illness that frequently occurs with insulin resistance, 
diminished osteocalcin, diminished bone mineral 
density, and cardiovascular disease [25–27]. MMA 
is a biomarker of metabolic product accumulation 
associated with aging, and may trigger cancer pro-
gression and infiltration via metabolic reprogram-
ing [28]. In addition, a cross-sectional study has 
indicated that elevated levels of MMA derived from 
mitochondria significantly correlate with both over-
all mortality and cardiovascular-related deaths [12]. 
Furthermore, a notable interaction has been reported 
between MMA and impaired renal function [29]. 
However, to our knowledge, no previous evidence 
has indicated an association between MMA and the 
prevalence of AAC. Therefore, our study provides 
novel evidence that MMA is associated with AAC.

The univariate analysis indicated that hyperten-
sion was positively associated with AAC occur-
rence. Calcium accumulation has been reported 
to contribute to the development of arterial rigid-
ity, which in turn adversely affects blood pressure 
because of decreased potential energy in elastic 
arteries [30]. Furthermore, vascular tissue remod-
eling caused by hypertension has been suggested 
to provide ideal circumstances for calcium deposi-
tion [31]. VSMC migration, apoptosis, fibrosis and 
inflammation production due to activation of the 
renin–angiotensin system in hypertensive patients 
leads to vascular remodeling [32]. CAD and 
HDL-C are both independent predictors of AAC 
[33, 34]. Both CAD and AAC tend to occur more 
frequently with advancing age, and calcium is often C
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present in atherosclerotic plaques [35]. These find-
ings have implied a potential correlation in a shared 
calcification process between AAC and CAD. In 
addition, HDL-C is a risk factor common to CAD 
and AAC, and has been reported to be negatively 
associated with vascular disease occurrence [36, 
37]. Furthermore, smoking, a common risk factor 
for cardiovascular disease, is also strongly asso-
ciated with AAC, in agreement with our findings 
[38]. Cigarette smoking negatively affects VSMCs 
through the activation of autophagy and ferropto-
sis pathways mediated by diverse signals [39, 40]. 
Smoking might alter the vascular tissue and lead to 
calcification. Therefore, further investigation of the 

mechanisms linking hypertension, CAD, HDL-C, 
tobacco use, and AAC is warranted.

Our study found a significant interaction between 
MMA and AAC, thus suggesting a potential link 
between them. However, the precise cause of this 
link remains unclear. Studies have suggested that 
increased MMA levels impede the energy produc-
tion process in mitochondria, and elevated forma-
tion of intracellular free radicals further contributes 
to mitochondrial harm [8]. Moreover, oxidative 
stress and mitochondrial dysfunction are known to 
play important roles in the development of AAC. 
In addition, calcification is significantly influ-
enced by inflammation [16]. Previous studies have 

Figure 2  Spearman Correlation of Continuous Covariates.
MMA, continuous methylmalonic acid; VB12, vitamin B12; TC, total cholesterol; BUN, blood urea nitrogen; eGFR, estimated 
glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; VB12 intake, vitamin B12 intake. Asterisks indicate 
statistically significant differences (*P < 0.05, **P < 0.01 and ***P < 0.001).
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Table 2  Univariate Logistic Regression and Multivariate Logistic Regression Analyses of AAC Prevalence after PSM.

Characteristic Univariate regression Multivariate regression
OR 95% CI P value OR 95% CI P value

Race
  Non-Hispanic White — —
  Non-Hispanic Black 0.92 0.52, 1.62 0.764
  Other 0.95 0.61, 1.48 0.820
High school or above 0.79 0.51, 1.22 0.265
Body mass index 0.75 0.52, 1.09 0.126
Hypertension 1.66 1.11, 2.49 0.018 1.53 1.00, 2.34 0.051
Diabetes 1.36 0.85, 2.18 0.182 1.04 0.67, 1.62 0.8
Smoker 1.94 1.16, 3.26 0.015 1.84 1.04, 3.27 0.039
Serum B12 1.00 1.00, 1.00 0.961
Serum folate 1.00 0.99, 1.01 0.510
Serum calcium 1.28 0.73, 2.25 0.362 1.17 0.62, 2.22 0.6
Serum phosphorus 0.90 0.73, 1.13 0.342
Uric acid 1.05 0.95, 1.17 0.285
Total cholesterol 1.00 1.00, 1.00 0.827
HDL-C 0.99 0.98, 1.00 0.034 0.99 0.98, 1.00 0.074
Hemoglobin 1.02 0.93, 1.12 0.623
Serum 25(OH)D 1.00 0.99, 1.00 0.544
Urine creatinine 1.00 1.00, 1.00 0.242
BUN 1.01 0.99, 1.03 0.361
Serum creatinine 1.13 0.70, 1.82 0.597
Coronary heart disease 2.02 1.24, 3.29 0.008 1.59 0.90, 2.81 0.10
Folic acid intake 1.00 1.00, 1.00 0.186
Vitamin B12 intake 0.97 0.93, 1.00 0.061
eGFR 1.00 0.99, 1.01 0.542
High MMA 1.56 1.20, 2.03 0.003 1.38 1.01, 1.90 0.046

Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval; PSM: propensity score matching; MMA, methylmalonic 
acid; CAD, coronary artery disease; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; HDL-C, high-
density lipoprotein cholesterol; AAC, abdominal aortic calcification.
Bold values indicate variables that were significant in the regression model (P value < 0.05).
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revealed increases in the levels of tumor necrosis 
factor (TNF), interleukin-1β (IL-β), and cyclooxy-
genase 2 (COX-2) after MMA injection [41, 42]. 
These findings suggest a clear association of MMA 
accumulation with neuroinflammation and renal 
inflammation. Therefore, examining the correlation 

between MMA buildup and the occurrence of 
inflammation is crucial.

Diabetes increases the risk of AAC and the 
likelihood of VC development [16, 43]. This 
increased risk is mediated through inflammatory, 
angiogenesis, and endothelial dysfunction pathways 

Subgroup

BMI (kg/m2) 0.67

0.73

Normal weight 132/253 41/68

365/767 80/148

428/891 71/133

69/129 50/83

0 1 2
Odds ratio

3 4

1.36(0.69–2.65) 0.32

1.25(0.84–1.85) 0.23

1.45(0.89–2.36) 0.12

1.35(0.63–2.88) 0.4

Over weight

eGFR (mL/min
/1.73 m3)

≥ 60

< 60

Low MMA
(<250 nmol/L)

AAC/participants

High MMA
(êê250 nmol/L)

AAC/participants

OR(95%CI) P P for
interaction

Figure 4  Subgroup Analyses of the Association between Serum MMA and AAC.
Adjusted for hypertension, smoking, HDL-C, CAD, serum calcium, and diabetes. MMA, methylmalonic acid; AAC, abdomi-
nal aortic calcification; BMI, body mass index; eGFR, estimated glomerular filtration rate.
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[44]. Interventions aimed at improving these path-
ways have the potential to enhance vascular health 
in people with diabetes. Interestingly, however, our 
univariate and multivariate logistic regressions did 
not find a significant difference between diabe-
tes and AAC. According to a prior study, pregnant 
women with rather than without vitamin B12 defi-
ciency are more likely to have diabetes [45], thus 
suggesting a potential relationship between MMA 
accumulation and diabetes. However, additional 
investigations are required to examine this correla-
tion among diverse populations.

Multiple factors must be considered in the 
interpretation of our research findings. First, the cross-
sectional study design prevents a definitive cause-
effect relationship between MMA and AAC from 
being deduced. Prospective cohort studies are required 
to elucidate causality and to better observe the long-term 
effects of exposure factors on outcomes. Furthermore, 
fundamental scientific research is needed to examine 
the biological correlation between MMA and AAC. 
Second, a larger sample size is required, because the 
use of PSM decreased the sample size.

Conclusion
Our research findings revealed that elevated MMA 
levels are associated with heightened AAC occur-
rence. However, larger prospective studies are 
required to validate our results.
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