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Abstract

Background: Serum vitamin B-12 is measured to evaluate vitamin B-12 status. Serum
methylmalonic acid (MMA) is a specific functional indicator of vitamin B-12 status, however,
concentrations increase with impaired renal function.

Objective: Our main objective was to describe the distribution of serum vitamin B-12 and MMA
in US adults, and estimate age-specific reference intervals for serum MMA in a healthy
subpopulation with replete vitamin B-12 status and normal renal function.

Design: We examined cross-sectional data for serum vitamin B-12 and MMA in adults
participating in the National Health and Nutrition Examination Survey from 2011-2014. Vitamin
B-12 was measured by electrochemiluminescence assay and MMA by isotope-dilution LC-
MS/MS.

Results: In both bivariate and multivariate analyses, age, race/Hispanic origin, and vitamin B-12
supplement use were generally significantly associated with serum vitamin B-12 and MMA
concentrations. Serum MMA concentrations increased with age, particularly in persons =70 y.
Non-Hispanic white persons had lower vitamin B-12 and higher MMA concentrations compared
with non-Hispanic black persons. Shorter fasting times and impaired renal function were
significantly associated with higher serum MMA concentrations, but not with serum vitamin B-12
concentrations after controlling for covariates. The central 95% reference intervals for serum
vitamin B-12 and MMA concentrations were widest for persons =70 y compared with younger age
groups. Compared with the overall population, the central 95% reference intervals for serum
MMA concentrations were considerably narrower for a vitamin B-12 replete subpopulation with
normal renal function, but still age-dependent. Serum vitamin B-12 showed little, while serum
MMA showed notable increases with impaired renal function.

Conclusions: The higher serum MMA concentrations throughout the entire distribution in older
persons (especially persons =70 y) who are vitamin B-12 replete and have normal renal function
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indicate the need for age-specific MMA reference intervals to better interpret the vitamin B-12
status in epidemiologic research.

Keywords

National Health and Nutrition Examination Survey; NHANES; vitamin B-12; MMA; renal
function

INTRODUCTION

Low vitamin B-12 status has been associated with anemia, various forms of neurological
abnormalities, and impaired cognitive function [1]. Most commonly, serum vitamin B-12
concentrations are measured to assess vitamin B-12 status, but often a second indicator, such
as serum methylmalonic acid (MMA), is assessed to improve problems with sensitivity and
specificity associated with using serum vitamin B-12 alone [2,3]. MMA values tend to be
higher in the elderly, but it was generally believed that this reflects inadequate vitamin B-12
status [4-6]. Furthermore, impaired renal function is recognized to lead to higher MMA
concentrations [7-9]. Given the co-linearity of age and renal function and MMA, age-
specific reference intervals are needed for MMA from a subpopulation pre-selected for
vitamin B-12 status and renal function. Prior to this analysis, investigators mostly derived
reference intervals from relatively small groups of healthy middle-aged adults, but some
used elderly individuals before and/or after vitamin B-12 supplementation to derive so-
called “health-related” reference intervals (Table 1). Vogiatzoglou ef a/. showed in a
Norwegian population that the difference in MMA concentrations between middle-aged and
elderly individuals was only partly explained by vitamin B-12 status and renal function [14],
also suggesting the need for age-specific reference intervals.

Using data from the National Health and Nutrition Examination Survey (NHANES) between
1991-1994 and 1999-2004, serum MMA concentrations have been described by
demographic variables, use of dietary supplements, and by serum vitamin B-12 and serum
creatinine concentrations [15-18]. However, previous analyses did not investigate the need
for age-specific reference intervals. Using the most recent NHANES data from 2011-2014,
our aim was to describe the distributions of serum vitamin B-12 and MMA concentrations in
the adult US population by demographic and other relevant variables and to estimate central
95% reference intervals by age in the overall population compared with a subpopulation
with replete vitamin B-12 status and/or normal renal function. The overarching goal of this
paper was to bring awareness to the issue of properly defining the reference population when
deriving reference intervals and not to investigate the complex relationship of vitamin B-12
status biomarkers, age, and renal function.

SUBJECTS AND METHODS

Participants and study design

NHANES is a series of cross-sectional probability samples of the civilian
noninstitutionalized population in the United States. Each 2-y cycle collects information to
assess the health and nutritional status of a nationally representative sample. Conducted by
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the National Center for Health Statistics, Centers for Disease Control and Prevention (CDC),
NHANES uses a complex, stratified, multistage probability sample. Participants receive a
detailed in-home interview, followed by a physical examination, which includes the
collection of a blood sample in a Mobile Examination Center. During 2011-2014, persons
aged 80 y and over, non-Hispanic Asian, non-Hispanic black, and Hispanic individuals were
oversampled to obtain reliable estimates for these population subgroups [19]. We used data
from adult NHANES participants. The unweighted response rates for participants =20 y of
age were 67% for the interview component and 64% for the examination component [20].
Participants provided consent and the NHANES protocol was approved by the National
Center for Health Statistics Research Ethics Review Board.

Biomarker measurement

Serum vitamin B-12 and MMA have not been continuously monitored in NHANES. Since
2006, the biomarkers were only assessed during a 4-y period between 2011 and 2014. Serum
from adult participants (=20 y of age for 2011-2012 and 219 y of age for 2013-2014) was
collected, processed, and shipped on dry ice to a CDC laboratory for analysis of serum
vitamin B-12 and MMA. Vitamin B-12 was measured by use of the Roche cobas
electrochemiluminescence assay on the Elecsys E-170 clinical analyzer; the assay achieved
good long-term imprecision (CV) of 3-8% at 166-605 pmol/L [21]. Serum MMA was
measured by isotope-dilution LC-MS/MS after butanol derivatization [22]; the assay
achieved even lower long-term imprecision of 3-5% at 96-560 nmol/L [23].

Study variables

For our main analysis, we categorized the participant data into 4 age groups: 20-39, 40-59,
60-69 y and =70 y. Our analysis further categorized the demographic variables by sex (men
and women) and by race/Hispanic origin (Hispanic [Mexican American + other Hispanic],
non-Hispanic black, non-Hispanic white, and non-Hispanic Asian; other racial/Hispanic
origin groups were included in overall estimates). We reported separate estimates for
Mexican Americans to allow comparison to previous reports. We also examined physiologic
and lifestyle variables previously shown to be associated with serum vitamin B-12 and
MMA concentrations [14,24,25]: use of vitamin B-12-containing dietary supplements (mean
daily intake consumed in the past 30 d) (self-reported; no and yes), fasting time (self-
reported; <3, 3—<8, and =8 h), and renal function as an indicator of chronic kidney disease
(CKD). The latter was determined by calculating the estimated glomerular filtration rate
(eGFR [mL/(min x 1.73 m2)]) using the CKD-EPI creatinine equation [26]. We categorized
eGFR according to the National Kidney Foundation classification system [27]: =60 and
absence of albuminuria (normal renal function), =60 and presence of albuminuria (CKD
stage 1-2), and <60 (CKD stage 3-5).

Statistical analysis

Statistical analyses were carried out using SAS for Windows software version 9.4 (SAS
Institute, Cary, NC) and SAS callable SUDAAN software version 11 (RTI, Research triangle
Park, NC) to account for the complex survey design. We used 2- and 4-y Mobile
Examination Center survey weights to account for the unequal probabilities of selection and
adjustment for non-response. SUDAAN uses Taylor series linearization to calculate variance

Am J Clin Nutr. Author manuscript; available in PMC 2021 March 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mineva et al.

Page 4

estimates. This analysis was undertaken to examine whether serum MMA concentrations
differed among subpopulations defined by demographic attributes, renal function and/or
vitamin B-12 status. The research was performed following a pre-specified data analysis
plan that was approved by all authors prior to conducting the statistical analysis. We
excluded pregnant and/or lactating women from all analyses (7= 80 in 2011-2012 and n=
104 in 2013-2014). Of these women, some had missing serum vitamin B-12 and MMA
measurements (7 =7 in 2011-2012 and 7= 4 in 2013-2014). Our analytical sample of
participants =20 y consisted of 4,804 (2011-2012) and 5,216 (2013-2014) participants with
complete serum vitamin B-12 data and 4,807 (2011-2012) and 5,213 (2013-2014)
participants with complete serum MMA data (Supplemental Figure 1). Since this is
primarily a descriptive paper, we used available-case analysis (“pairwise deletion”) to handle
missing or incomplete data (e.g., B-12 supplement use, renal function) to maximize the
amount of information available. This means that a participant was deleted if at least 1 of a
pair of variables was missing for that specific analysis (or association). Both serum B-12 and
MMA concentrations were right skewed; therefore, a log transformation was used to make
the data more symmetric to facilitate interpretation and statistical inference through the use
of geometric mean. The weighted mean of the log-transformed data were back-transformed
to the original scale to report the geometric mean concentration (and 95% CI) of serum B-12
and MMA for each study variable by survey period (2011-2012 and 2013-2014) for
participants =20 y. The geometric means were compared across the categories of the study
variables within each survey cycle on the basis of Wald Ftests. In addition, Satterthwaite ~
tests were used to assess whether at least 1 of the adjusted geometric means across the
categories was significantly different after controlling for additional covariates (age group,
sex, race/Hispanic origin, vitamin B-12 supplement use, fasting time, and renal function).
Lastly, the geometric means were also compared across the 2 survey cycles for each
category of the study variables using Wald Ftest (P74 Vvalue). Significance was defined as
a 2-sided Pvalue of <0.05 with no adjustment for multiple comparisons.

Since there were limited statistically significant differences for both serum B-12 and MMA
across the 2 cycles, we combined the 4 y of NHANES data from 2011-2014 for participants
>20y. We calculated the median (95% CI) and central 95% reference intervals for serum
vitamin B-12 and MMA for all participants and by age group. In addition, to demonstrate
the effect of age, B-12 status, and renal function on serum MMA concentrations, we
presented the weighted empirical cumulative distributions stratified by age group, as well as
median and 95% reference intervals for the adult subpopulation with normal renal function
(free of CKD) and/or vitamin B-12 replete (serum vitamin B-12 =300 pmol/L). We chose
this vitamin B-12 cutoff based on previous work demonstrating that these concentrations
likely indicate adequate vitamin B-12 status (>296 pmol/L [17] and >287 pmol/L [28]). We
conducted an exploratory analysis to see how high serum MMA concentrations were on the
other side of the spectrum, i.e., in persons with impaired renal function and/or vitamin B-12
deficiency (serum vitamin B-12 <200 pmol/L). This cutoff has been used to indicate low
serum vitamin B-12 concentrations [29], “metabolically significant vitamin B-12
deficiency” [30,31], and is within the range of 148-221 pmol/L defined as “marginal
vitamin B-12 deficiency” [32].
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In order to provide relevant data to policy makers, we calculated the geometric mean and
selected percentiles for serum vitamin B-12 and MMA by Dietary Reference Intake (DRI)
age groups for participants =19 y (data on 19 y old persons were only available for 2013—
2014).

Among the US population =20 y, approximately one-third each were young adults (20-39
y), middle-aged adults (40-59 y), and older adults (60-69 y and =70 y), half were women,
and the race/Hispanic origin percentages were approximately 15%, 11%, 67%, and 5% for
Hispanic, non-Hispanic black, non-Hispanic white, and non-Hispanic Asian, respectively
(Table 2). Approximately 35% of the population used a dietary supplement containing
vitamin B-12, approximately half fasted for =8 h, and approximately 80% had normal renal
function.

Serum vitamin B-12 and MMA concentrations for 2011-2012 and 2013-2014 by variable

categories

We observed no difference in serum vitamin B-12 (P= 0.47) or MMA (P = 0.06)
concentrations for adults =20 y between 2011-2012 and 2013-2014 (Table 3). When we
grouped data by demographic or other variables, we found no differences in serum vitamin
B-12 or MMA concentrations between the 2 survey cycles, except for a small decrease in
serum vitamin B-12 for 20-39 y olds (2.9%) and small increases in serum MMA for non-
Hispanic blacks (5.6%), non-Hispanic whites (5.1%), and non-users of vitamin B-12
containing supplements (4.7%).

Age and race/Hispanic origin were significantly associated with serum vitamin B-12 and
MMA concentrations in both survey periods, while sex was only significantly associated
with serum vitamin B-12 concentrations in 2013-2014 (Table 3). For the most part, these
observations were unchanged after we controlled for other covariates (age group, sex, race/
Hispanic origin, vitamin B-12 supplement use, fasting time, and renal function). However,
during the 2013-2014 survey cycle, age was no longer significantly associated with serum
vitamin B-12. We observed increasing serum vitamin B-12 and MMA concentrations with
age, especially in persons =70 y. Serum vitamin B-12 concentrations were approximately
13% higher in persons =70 y compared with 20-39 y olds. For MMA, the age difference
was more pronounced: persons =70 y had approximately 60% higher MMA concentrations
compared with the youngest age group. Non-Hispanic white persons had lower vitamin B-12
(approximately 10%) and higher MMA (approximately 25%) concentrations compared with
non-Hispanic black persons, while other race/Hispanic origin groups had intermediate
concentrations.

Users of vitamin B-12 containing supplements had approximately 40% higher serum
vitamin B-12 concentrations in both survey periods (statistically significant with and without
controlling for other covariates), and approximately 5% lower MMA concentrations
(statistically significant in 2013—-2014 without and in both survey periods with controlling
for other covariates) (Table 3). Shorter fasting time was significantly associated with
approximately 10% higher MMA concentrations in both survey periods, but showed no
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association with serum vitamin B-12 after controlling for other covariates. Similarly,
impaired renal function was significantly associated with approximately 10-15% higher
serum vitamin B-12 and approximately 50-70% higher MMA concentrations in both survey
periods, but for vitamin B-12 the association was no longer significant after controlling for
other covariates.

Serum vitamin B-12 and MMA concentrations for 2011-2014 by DRI age groups

To provide data for policy makers interested in vitamin B-12 status by DRI age groups
corresponding to intake categories, we calculated the geometric mean concentrations and
percentile distributions for serum vitamin B-12 and MMA concentrations for participants
>19y (Table 4). The older age group (=51 y) had higher serum vitamin B-12 and MMA
concentrations compared with the younger age group (19-50 y), similar to what we observed
with the 3 age group categories. We observed higher MMA concentrations for the older age
group across the entire distribution and higher vitamin B-12 concentrations for the upper
half of the distribution.

Reference intervals for serum vitamin B-12 and MMA concentrations for 2011-2014 by age

groups

The central 95% reference interval for serum vitamin B-12 concentrations (overall group)
was wider for persons 60-69 y (152-1,530 pmol/L, 7 =1,166) and =70 y (137-1,720
pmol/L, n=1,548) compared with the 2 younger age groups (20-39 y: 167-840 pmol/L, n=
3,375; 40-59 y: 160-1,150 pmol/L, n= 3,431) (Table 5). We observed the same pattern for
serum MMA concentrations (overall group); participants =70 y showed a reference interval
of 92.5-758 nmol/L (n=1,551). However, as we limited this group to a subpopulation with
normal renal function (85.9-571 nmol/L, n=672) and further to a subpopulation also being
vitamin B-12 replete (84.3-317 nmol/L, n= 491), the central 95% reference intervals
narrowed considerably. Nonetheless, even in the subpopulation with replete vitamin B-12
status and normal renal function, the reference interval for the 20-39 y age group was lower
compared with the reference intervals for the 40-59 y, 60-69 y, and =70 y age groups. We
noted similar patterns for the medians, with higher MMA concentrations with increasing age
even in the subpopulation with replete vitamin B-12 status and normal renal function. We
also noted similar patterns for the entire distribution of MMA concentrations (Figure 1).

We observed a selective impact of vitamin B-12 status vs. renal function by age group
(Supplemental Figure 2). In the 20-39 y (panel A) and 40-59 y (panel B) age groups,
excluding persons with low vitamin B-12 status shifted the MMA distributions lower
compared to excluding persons with impaired renal function. In the 60-69 y (panel C) and
=70y age groups (panel D), both of these approaches resulted in a similar shift of the MMA
distributions, but the combined approach (excluding persons with low vitamin B-12 status
and impaired renal function) had an additive effect and resulted in an even bigger shift to
lower MMA concentrations, especially in the oldest age group.

We stratified our analytic sample by age and renal function to illustrate the effect of
impaired renal function on the relationship between age and biomarker concentrations
(Figure 2). At the geometric mean, serum vitamin B-12 (panel A) showed small and
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consistent age differences for persons with normal vs. impaired renal function: 40-59 y olds
had 1.6% (normal) and 2.1% (impaired) higher concentrations, 60-69 y olds had 9.4%
(normal) and 4.4% (impaired) higher concentrations, and =70 y olds had 12% (normal) and
9% (impaired) higher concentrations compared with 20-39 y olds. Serum vitamin B-12
concentrations for people with normal vs. impaired renal function were significantly
different in the overall population (P = 0.0072), but not when stratified by age, 20-39y (P=
0.30), 40-59y (P=0.39), 60-69 y (P=0.74), and =70 y (P=0.97). On the other hand,
serum MMA (panel B) showed large and inconsistent age differences for persons with
normal vs. impaired renal function: compared with 20-39 y olds, 40-59 y olds had 14%
(normal) and 27% (impaired) higher concentrations, 60-69 y olds had 21% (normal) and
45% (impaired) higher concentrations, and =70 y olds had 39% (normal) and 75%
(impaired) higher concentrations. Serum MMA concentrations were significantly different in
persons with normal vs. impaired renal function (£<0.0001), with the exception of those
aged 20-39 y (P=0.30).

MMA concentrations in persons with impaired renal function and/or vitamin B-12

deficiency

Not surprisingly, MMA concentrations were much higher at the opposite side of the
spectrum where participants showed unhealthy characteristics (Supplemental Table 1).
MMA median concentrations were generally higher in vitamin B-12 deficient persons
compared with persons with impaired renal function. We also observed increasing
concentrations with increasing age group. However, most of the 97.51 percentile estimates
were subject to greater uncertainty due to the small cell size, as can be seen by the large 95%
Cls.

DISCUSSION

Serum MMA concentrations have been described by age and/or vitamin B-12 status in
several moderate sample size studies of healthy middle-aged and elderly Americans and
Europeans (mostly from Scandinavian countries) [4-6,10-17]. Earlier work from NHANES
1999-2004 using a large, nationally representative sample of the racially-diverse US
population concluded that the “age-related increase in serum MMA concentrations is likely
to be due to a concomitant decline in kidney function and vitamin B-12 status” [18]. Our
analysis extends this work by better defining these 2 variables relative to MMA
concentrations and thus providing helpful information to both epidemiologists as well as
clinicians. We confirmed the previously reported positive association between serum MMA
and age [4-6,15,16,18] and the inverse association between serum MMA and renal function
[7-9]. While serum vitamin B-12 also showed a weak inverse association with renal
function, the association was no longer significant after we adjusted for other covariates. The
important finding of our study was that serum MMA concentrations were higher as age
increased even in a reference population of vitamin B-12 replete persons with normal renal
function, confirming the observations made by Vogiatzoglou et a/. in the Norwegian
population [14], and suggesting that age-specific reference intervals should be used when
interpreting serum MMA concentrations. However, since the reference intervals in the 40-59
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y and 60-69 y age groups are similar, it may suggest these 2 age groups do not need separate
reference intervals for MMA.

In contrast to studies in European populations that found similar or lower serum vitamin
B-12 concentrations in older compared with younger persons [5,8,14], when combining the
2 cycles together, we found slightly higher serum vitamin B-12 concentrations in persons
>60-69 y and =70 y compared with the 2 younger age groups, even when controlling for
covariates like vitamin B-12 supplement use (data not shown). However, when we stratified
our NHANES 2011-2014 sample by vitamin B-12 supplement use, we observed increasing
serum vitamin B-12 concentrations with age (20-39, 40-59, 60-69, and =70 y) in
supplement users (429, 466, 533, and 543 pmol/L), but similar concentrations in non-users
(357, 342, 338, and 341 pmol/L) (data not shown). A previous NHANES analysis showed
increased consumption frequency of dietary supplements containing vitamin B-12 by older
persons [33], supporting our observation.

Race/Hispanic origin was significantly associated with serum vitamin B-12 and MMA
concentrations, and it remained significant after we adjusted for other covariates. Previous
reports from earlier NHANES surveys [16,34] also showed that non-Hispanic blacks and
Mexican Americans had higher serum vitamin B-12 concentrations compared to non-
Hispanic whites. The mean serum MMA concentrations were significantly lower in non-
Hispanic blacks compared with non-Hispanic whites, as noted both in the pre-folic acid
fortification [15] and post-fortification periods [16,18]. A new enzymatic polymorphism that
showed a strong association with elevated MMA concentrations was recently reported in the
white Irish population [35] that may partially explain the higher MMA concentrations in
non-Hispanic whites. Our study also reports the first nationally representative serum vitamin
B-12 and MMA concentrations for non-Hispanic Asians. Similar to Hispanics, this
population group showed intermediate concentrations for both biomarkers, between those
observed for non-Hispanic blacks and non-Hispanic whites. An earlier investigation in an
elderly community-dwelling multiethnic population also found higher serum vitamin B-12
concentrations in Asian Americans compared with Whites [36]. A recent study conducted in
a convenience sample of healthy young Canadian women reported similar serum vitamin
B-12 and plasma MMA concentrations for women of South Asian vs. European ethnicity
[37].

The upper end of the age-specific central 95% reference interval for serum MMA in persons
who were vitamin B-12 replete and had normal renal function (254, 293, 281, 317 nmol/L in
20-39, 40-59, 60-69, and =70 y, respectively) was much lower compared with the
“apparently healthy” overall population (304, 442, 497, 758 nmol/L in 20-39, 40-59, 60-69,
and =70y, respectively). This shows that MMA cutoffs derived from epidemiologic data are
too high if parameters such as renal function and vitamin B-12 status are not considered. As
such, the study of Erdogan et a/. [6] found a higher reference interval of 60—360 nmol/L in
“apparently healthy” US adults with unknown clinical history. Moreover, when the authors
derived representative ranges by age group from close to 5,000 MMA tests performed in
2006 using a nonparametric approach following exclusion of the top 10% of values, they
also arrived at much higher upper end MMA cutoffs (from 260 nmol/L for 11-20 y to 480
nmol/L for =71 y) compared with our study. Our age-specific MMA reference intervals for
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vitamin B-12 replete persons with normal renal function were in agreement with some of the
published reference intervals in other populations [4,5,10,14], but not with all [5,11,12,14].
The higher reference intervals found in some studies may be due to the lack of consideration
for impaired renal function.

There is still debate on what the right serum vitamin B-12 cutoff is to denote adequate
vitamin B-12 status [17,28,38]. Vogiatzoglou et a/. defined individuals with serum vitamin
B-12 =400 pmol/L as vitamin B-12 replete, while individuals with serum vitamin B-12 <200
pmol/L and =200 pmol/L but <400 pmol/L were considered as low/low-normal and
intermediate, respectively [14]. A frequently used serum vitamin B-12 cutoff to separate
possible “subclinical deficiency” from repletion is 296 pmol/L [39]. In a modeling analysis
of a MMA-derived change point for serum vitamin B-12, Bailey et a/. found that serum
vitamin B-12 concentrations >287 pmol/L likely indicate adequate vitamin B-12 status [28].
Thus, we chose the rounded cutoff of 300 pmol/L to define vitamin B-12 repletion.

Our exploratory analysis in a unhealthy subgroup of US adults with impaired renal function
and/or vitamin B-12 deficiency provides new insights that are helpful to clinicians, however
the results have to be interpreted with caution due to the small sample size. Nonetheless, we
observed the same kind of age pattern in this subgroup as in the healthy subgroup.

Our group previously demonstrated that serum vitamin B-12 concentrations did not change
appreciably from pre- (NHANES 1988-1994) to post-folic acid fortification (NHANES
1999-2004) [40]. In this current analysis, we verified that during the 15-y post-fortification
period (NHANES 1999-2014) serum vitamin B-12 concentrations continued to be similar
(Supplemental Figure 3 and Supplemental Text 1). Serum MMA concentrations showed a
small but significant increase over the same time period. The mean increase was 9.5%, but it
varied by age group: 20-39 y: 4.8%; 40-59 y: 14.2%; 60-69 y: 14.9% and =70 y: 7.8%.
Whether this small increase is due to secular changes in intake of foods rich in vitamin B-12,
fortification practices, or dietary supplements, other confounding factors such as renal
function, or unknown sampling biases between the NHANES surveys, is not known.
However, this small change is not considered to be of public health concern.

Our analysis is subject to some limitations. While NHANES is a large probability sample
designed to estimate information on the nutritional status in selected groups of the U.S.
population, it is a cross-sectional study. For this reason, any associations identified between
serum vitamin B-12 or MMA concentrations with other variables need to be interpreted with
caution as there may be other factors that were not investigated and that may impact the
relationship. While we had limited missing data, any missing values, if they are not at
random, can bias the reported estimates. The strengths of our paper are the large sample size
that allowed us to provide age-specific MMA reference intervals as well as nationally
representative estimates for different race-Hispanic origin groups and the first data for non-
Hispanic Asians.

In summary, the age-specific MMA reference intervals reported in this study will be a useful
tool for epidemiologists and public health officials to monitor the vitamin B-12 status of the
population over time or to compare the vitamin B-12 status of different populations.
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Figure 1.
Weighted empirical cumulative distributions (ECDF) for serum methylmalonic acid

concentrations in US persons =20 y of age who are vitamin B-12 replete and have normal
renal function by age group, NHANES 2011-2014. Black solid line: 20-39 y (n=2,178);
grey solid line: 40-59 y (n= 1,988); large dashed line: 60-69 y (7= 824); small dashed line:
270y (n=491).
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Figure 2.

Serum vitamin B-12 (panel A) and methylmalonic acid (panel B) geometric mean

concentrations by age group and renal function in US persons =20 y of age, NHANES

2011-2014. Black bars represent normal renal function and grey bars represent impaired
renal function (stage 1-5 chronic kidney disease). Error bars represent 95% CI. Sample sizes
for B-12 and normal vs. impaired renal function: overall (7= 7,719 vs. 2,212); 20-39y (n=
3,040 vs. 309); 40-59 y (n= 2,837 vs. 575); 60-69 y (n=1,172 vs. 479), and 270y (n= 670
vs. 849). Sample sizes for MMA and normal vs. impaired renal function: overall (n=7,718
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vs. 2,213); 20-39y (n= 3,038 vs. 309); 40-59 y (n=2,835 vs. 575); 60-69 y (n=1,173 vs.
479); and =70y (n=672 vs. 850).
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