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Abstract 

Background  Changes in economy and dietary guidelines brought a great shock to diet quality and meal behav-
iors, but if these transformations have extended to minerals intake and their sources was still poorly understood. It 
is essential to evaluate time trends in minerals intake and their sources to inform policy makers.

Objective  To investigate trends in minerals intake and their sources among U.S. adults.

Methods  This analysis used dietary data collected by 24-h recalls from U.S. adults (≥ 20 years) in NHANES (1999-
March 2020). Minerals intake, age-adjusted percentage of participants meeting recommendations, and minerals 
sources were calculated among all participants and by population subgroups in each NHANES survey cycle. Weighted 
linear or logistic regression models were used to examine the statistical significance of time trends.

Results  A total of 48223 U.S. adults were included in this analysis. From 1999 to March 2020, intake of calcium (from 
0.94 to 1.02 g/day), magnesium (from 308.07 to 321.85 mg/day), phosphorus (from 1.24 to 1.30 g/day), and sodium 
(from 3.24 to 3.26 mg/day) from food and beverages (FB) and dietary supplements (DSs) significantly increased, 
and intake of iron (from 19.17 to 16.38 mg/day), zinc (from 16.45 to 14.19 mg/day), copper (from 1.79 to 1.38 mg/day), 
and potassium (from 2.65 to 2.50 g/day) from FB + DSs decreased (all FDR < 0.05). Additionally, age-adjusted percent-
age of participants meeting recommendations for calcium, phosphorus, sodium, and selenium significantly increased, 
that for iron, potassium, zinc, and copper decreased (all FDR < 0.05). Minerals intake and time trends in minerals 
intake were highly variable depending on age, gender, race/ethnicity, education, and income. For example, white, 
higher socioeconomic status participants had a higher minerals intake (e.g. iron, zinc, and copper), but had a greater 
decrease in minerals intake. Furthermore, the percentage of minerals from milks and DSs decreased, and that from 
beverages increased.

Conclusion  From 1999 to March 2020, both minerals intake and their sources experienced a significant alteration 
among U.S. adults. Many differences in minerals intake and their food sources across sociodemographic characteris-
tics appeared to narrow over time. Although some improvements were observed, important challenges, such as over-
consumption of sodium and underconsumption of potassium, calcium, and magnesium, still remained among U.S. 
adults.
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Background
Over the past two decades, suboptimal diet was still 
considered to be a key risk factor for chronic diseases 
[1, 2], the leading cause of death, and the third lead-
ing cause of disability-adjusted life-year loss [3] in the 
United States (U.S.). Paralleling with health impact, 
poor diet also possessed a substantial economic burden 
[4]. Improvement in diet quality could potentially result 
in broad and far-reaching health and economic benefits 
globally. Recent data indicated that the chronic diseases 
morbidity and mortality rate have stalled or deterio-
rated among U.S. adults [5–7], although macronutrient 
composition and overall dietary quality improved in the 
past decade [8–10]. Some other dietary factors linking 
with flattened or declined progress in chronic diseases 
prevention and control need to be taken into account.

Minerals, constituting human tissue [11] and biologi-
cally active substances [12], play a critical role in mul-
tiple functions (e.g., cognition, development, immune 
response, and thyroid function) [12–15]. Given their 
essential role in maintaining health, suboptimal min-
erals intake may increase the risk of chronic diseases 
[16–18]. Minerals were presented in a great variety of 
plant and animal foods, as well as in beverages and die-
tary supplements (DSs) [19–21]. Due to complexity of 
food components, the bioavailability of minerals varies 
greatly depending on their food sources [22]. Current 
evidences indicated that in addition to the quantity, 
food sources and forms of minerals were also of great 
importance in clarifying their associations with the 
risks of chronic diseases [23, 24].

Recently, U.S. adults experienced a significant altera-
tion in dietary composition, diet quality, meal behav-
iors, and DSs use [25–28], and these alterations may 
have caused alterations in minerals intake and sources. 
To timely reflect the current level of minerals intake 
and sources among U.S. adults is an important basis 
to identify challenges and opportunities to improve 
Americans’ diets and reduce diet-related diseases costs. 
In the past decade, researchers have begun to pay 
attention to trends in energy, macronutrients, micro-
nutrients, or a few selected items (e.g., sugar-sweetened 
beverages, ultra-processed food) of U.S. adults [8, 29, 
30]. However, previous studies about trends in min-
erals intake focused on only a few minerals [31–33], 
or used older data [26, 32], or neglected sources [26]. 
Furthermore, potential differences among population 
subgroups have not been evaluated. Thus, it is essen-
tial to evaluate time trends in minerals intake and their 
sources in overall population and population subgroups 
among U.S. adults to discover prevalent, worsening, or 
potentially improving dietary problems.

In this context, we used data from 10 continuous cycles 
of the National Health and Nutrition Examination Sur-
vey (NHANES) from 1999–2000 to 2017-March 2020 to 
examine temporal trends in minerals intake and sources 
among U.S. adults. We also described these trends by 
sociodemographic characteristics.

Methods
Study population
NHANES is a cross-sectional, nationally representative 
study, providing data on demographic information, die-
tary intakes, and multiple health indicators of noninstitu-
tionalized U.S. civilian population. The study design and 
methods about NHANES were described elsewhere. This 
study used data from 10 continuous cycles of NHANES 
(1999–2000 to 2017-March 2020). Data from 10 cycles 
of the NHANES included 58,744 participants aged 
20 years or older. NHANES protocols were approved by 
the National Center for Health Statistics research eth-
ics review board, and all participants provided informed 
consent [34]. A total of 48,223 participants were eligi-
ble for this study, after excluding participants who had 
extreme energy intake (< 500 or > 3,500  kcal/day for 
women, and < 800 or > 4,200 kcal/day for men), and who 
were pregnant at the time of examination (Supplemen-
tary Fig. 1).

Minerals intake from foods and beverages and from DSs
In NHANES, dietary information was gathered by 
24-hour recalls conducted by trained interviewers for 
two nonconsecutive days. During the interview, the par-
ticipants were asked to report all foods and beverages 
(FB) consumed during the past 24-hour (midnight to 
midnight). Nutrients were estimated based on cycle-spe-
cific versions of the United States Department of Agri-
culture (USDA) Food and Nutrition Database for Dietary 
Studies. The estimated minerals intake from FB were the 
mean of minerals intake obtained through two 24-hour 
recalls.

30-Day Dietary Supplements Data was used to esti-
mated minerals from DSs. In NHANES, participants 
were asked whether they used any prescription or non-
prescription supplements in the past 30  days. Those 
reporting use were asked to provide the bottles of each 
supplement product or name, and the frequency, dura-
tion, as well as the serving form. The total daily dose of 
each supplemental minerals was estimated based on 
cycle-specific versions of dietary supplement database. 
The details of calculation method were described else-
where [35].

The most recent dietary reference intakes (DRIs) issued 
by the National Academy of Sciences [36, 37] was used 
to estimate the percentage of the participants meeting 
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Recommended Dietary Allowances (RDAs)/ Adequate 
Intakes (AIs) in each NHANES cycle.

Classification of food groups
The major food sources included nine food groups 
defined by the USDA: Milk and milk products (Milks); 
Meat, poultry, fish and mixtures (Meats); Eggs (Eggs); 
Legumes, nuts and seeds (Nuts); Grain products (Grains); 
Fruits (Fruits); Vegetables (Vegetables); Fats, oils, and 
salad dressings (Oils); and Sugar, sweeteners, and bev-
erages (Beverages). The food groups remained the same 
across NHANES survey cycles, allowing for an analysis of 
trends over time.

Chronic diseases definitions
Cardiovascular disease (CVD) was defined by self-
reported physician diagnoses, including coronary heart 
disease, angina/angina pectoris, heart attack, heart fail-
ure, and stroke. Diabetes was defined by self-reported 
doctor diagnosis of diabetes, taking diabetic medica-
tion, fasting blood glucose ≥ 126 mg/dL (7.0 mmol/L), or 
hemoglobin A1 ≥ 6.5% (48  mmol/mol). Chronic kidney 
disease (CKD) was defined by estimated glomerular fil-
tration rate (eGFR) ≥ 60  ml/min/1.73m2 or a one-time 
urine albumin-to-creatinine ratio ≥ 30  mg/g. eGFR was 
calculated by the Chronic Kidney Disease-Epidemiol-
ogy Collaboration equation [38]. We did not attempt to 
define persistent kidney dysfunction (at least 3 months), 
given that is impossible using a cross-sectional data set.

Outcomes
The primary outcome of interest was trends in minerals 
intake from FB + DSs among all participants and by pop-
ulation subgroups (age, gender, race/ethnicity, education, 
and income). The second outcome was trends in minerals 
intake from FB + DSs by major sources among all partici-
pants and by population subgroups.

Statistical analysis
Sampling weights were incorporated in all analyses to 
ensure nationally representative estimates. To mini-
mize measurement error in dietary estimates, the abso-
lute intake of minerals per day were adjusted for total 
energy intake to 2000 kcal/d using the residual method. 
The mean intake of minerals and age-adjusted percent-
ages of the participants meeting RDAs/AIs were calcu-
lated for each NHANES cycle. Age-adjusted percentage 
of the population meeting RDAs/AIs was determined by 
direct standardization using civilian noninstitutionalized 
population in 2017-March 2020 NHANES cycle as a ref-
erence (aged 20–39  years, 40–59  years, and ≥ 60  years). 
Subgroup analyses were performed by age (20-34y, 
35-49y, 50-64y, ≥ 65y), gender (male, female), race/

ethnicity (White, Black, and Hispanic), education level 
(less than high school graduate, high school or equiva-
lent, and college or above), and family income (ratio of 
family income to poverty: < 1.30, 1.30–3.49, and ≥ 3.50). 
NHANES oversampled Mexican persons before 2007 
and oversampled all Hispanic persons from 2007 onward 
[39]. Thus, the Hispanic ethnic group was only analyti-
cally assessed from 2007 onward. Besides, trends of other 
races/ethnicities were not evaluated, because it was hard 
to calculate reliable estimates for the group across all 
NHANES cycles [39]. Logistic regression model was used 
for proportions and linear regression model for means to 
examine the statistical significance of trends by assigning 
2-year survey cycle as a continuous variable. Differences 
in estimated intake were calculated between 1999–2000 
and 2017-March 2020 cycles with adjustment of gender, 
age, race/ethnicity, education level, and family income. 
To evaluate potential differences in trends by popula-
tion subgroups, a survey-weighted Wald F statistic was 
used to test for an interaction between survey cycle and 
demographic factors. To minimize the impact caused by 
demographic shifts, we adjusted gender, age, race/eth-
nicity, education level, and family income in estimating 
the trends. Participants with missing data on education 
(n = 56) and family income (n = 4230) were excluded in 
the corresponding subgroup analyses and multivariable 
analysis.

Three sensitivity analyses were conducted in this study. 
Firstly, we excluded participants in 1999–2000 and 2001–
2002 survey cycle to ensure consistency in methods 
across all cycles, because only one 24-hour dietary recall 
has been collected in NHANES 1999–2000 and 2001–
2002 survey cycle. Secondly, we excluded participants 
with CVD, diabetes, or CKD, because these diseases may 
affect dietary behaviors. Thirdly, we estimated trends in 
minerals intake from FB and minerals intake by major 
food sources.

All statistical analyses were performed by R 4.2.1. P val-
ues were adjusted by the method of Benjamini–Hochberg 
false discovery rate (FDR) correction, and a two-sided 
FDR < 0.05 is considered to be statistically significant.

Results
Participant characteristics
A total of 48,223 U.S. adults older than 20  years were 
included in this study. Of these, 23,498 men (47.9%), 
21,504 White participants (68.9%), and the weighted 
mean (SE) age was 47.56 (0.19) years (Table  1). From 
1999–2000 to 2017-March 2020, the proportion of 
older adults (aged ≥ 65  years) increased from 17.6% to 
22.4%, while the proportion of younger adults (aged 
20–34  years) decreased from 29.5% to 27.0%. The pro-
portion of White participants decreased from 71.4% 
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to 62.9%, while the proportion of other races/ethnici-
ties participants increased from 4.6% to 10.0%. The 
proportion of participants with college or above educa-
tion increased from 50.0% to 62.4%, while the propor-
tion of participants with less than high school education 
decreased from 23.8% to 10.1% (all P < 0.001 for trend).

Trends in minerals intake from FB + DSs
From 1999 to March 2020, the estimated intake of cal-
cium (from 0.94 g/day to 1.02 g/day), magnesium (from 
308.07  mg/day to 321.85  mg/day), phosphorus (from 
1.24  g/day to 1.30  g/day), sodium (from 3.24  g/day to 
3.26  g/day), and selenium (from 102.45 mcg/day to 
107.87 mcg/day) from FB + DSs significantly increased, 

while that of iron (from 19.17  mg/day to 16.38  mg/
day), potassium (from 2.65  g/day to 2.50  g/day), zinc 
(from 16.45 mg/day to 14.19 mg/day), and copper (from 
1.79  mg/day to 1.38  mg/day) significantly decreased 
in all participants (all FDR < 0.05 for trend). Similar 
trends were also observed for estimated intake from FB 
(Fig. 1).

From 1999 to March 2020, the estimated age-adjusted 
percentage of participants meeting RDAs/AIs for cal-
cium (from 34.37% to 40.87%), phosphorus (from 95.20% 
to 98.72%), sodium (from 96.06% to 98.81%), and sele-
nium (from 94.01% to 97.27%) significantly increased, 
that for iron (from 76.45% to 74.90%), potassium (from 
36.72% to 25.84%), zinc (from 70.20% to 68.34%), and 

Fig. 1  Trends in estimated intake of nine minerals from FB, DSs, and FB + DSs among U.S. adults by NHANES survey cycle, 1999-March 2020. Data 
were adjusted for NHANES survey weights to be nationally representative. Analyses are based on energy-adjusted values to 2000 kcal/d using 
the residual method. All estimates were weighted, and error bars indicate 95% CIs. Results were adjusted for gender, age, race/ethnicity, education 
level, and family income when appropriate. Abbreviations: NHANES, National Health and Nutrition Examination Survey; FB, foods and beverages; 
DSs, Dietary supplements
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copper (81.80% to 75.73%) significantly decreased in total 
participants (Supplementary Fig. 2).

In sensitivity analyses, similar trends were observed 
when trends were examined from 2003 to March 2020 
(Supplementary Table  1), and when participants with 
diabetes, CVD, or CKD were excluded (Supplementary 
Figs. 3, 4).

Trends in minerals intake by source
From 1999 to March 2020, meats, grains, milks, bever-
ages, and DSs were major sources of minerals (Fig.  2, 
Supplementary Tables 2, 3). With adjustment of changes 
in the sociodemographic characteristics in study periods, 
we found remarkable alterations in dietary components 

among U.S. adults (Supplementary Fig.  5). Moreover, 
remarkable alterations were also observed in minerals 
intake and their sources (Supplementary Tables 2, 3).

From 1999 to March 2020, DSs provided a large pro-
portion of minerals, while DSs-based minerals decreased 
(Fig.  2, Supplementary Table  2). The estimated per-
centage of DSs-based zinc decreased from 18.06% to 
14.00% (difference, − 5.90%; 95% CI, − 8.03% to − 3.76%; 
FDR < 0.001 for trend), DSs-based copper decreased from 
16.27% to 9.22% (difference, − 8.39%; 95% CI, − 10.22% 
to − 6.56%; FDR < 0.001 for trend), DSs-based iron 
decreased from 13.01% to 7.75% (difference, -5.88%; 
95% CI, -7.44% to -4.32%; FDR < 0.001 for trend). Similar 
results were observed among calcium (from 11.75% to 

Fig. 2  Trends in estimated percentage of nine minerals (from FB + DSs) from selected four food sources and DSs among U.S. adults 
by NHANES survey cycle, 1999-March 2020. Data were adjusted for NHANES survey weights to be nationally representative. Analyses are based 
on energy-adjusted values to 2000 kcal/d using the residual method. All estimates were weighted, and error bars indicate 95% CIs. Results 
were adjusted for gender, age, race/ethnicity, education level, and family income when appropriate. Abbreviations: NHANES, National Health 
and Nutrition Examination Survey; DSs, Dietary supplements; Milks, Milk and milk products; Meats, Meat, poultry, fish, and mixtures; Grains, Grain 
products; Beverages, Sugars, sweets, and beverages
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9.04%), magnesium (from 8.57% to 6.07%), phosphorus 
(from 1.86% to 0.40%), potassium (from 0.83% to 0.51%), 
and selenium (from 7.81% to 6.67%) (all FDR < 0.001 for 
trend).

In line with decline in milks consumption, the milks-
based minerals significantly decreased (Fig.  2, Supple-
mentary Table  2). The estimated percentage of calcium 
(from 33.56% to 24.55%; difference, -8.92%; 95% CI, 
-11.24% to -6.59%), phosphorus (from 21.55% to 15.46%; 
difference, -5.96%; 95% CI, -7.66% to -4.26%), potas-
sium (from 14.08% to 9.96%; difference, -3.92%; 95% CI, 
-5.06% to -2.77%) from milks significantly decreased (all 
FDR < 0.001 for trend). Similar trends were observed 
among iron (from 2.77% to 2.22%), magnesium (from 
11.61% to 7.55%), sodium (from 9.05% to 6.75%), zinc 
(from 11.35% to 8.89%), selenium (from 7.62% to 6.34%), 
and copper (from 4.27% to 3.31%) (all FDR < 0.001 for 
trend).

Though the meat consumption remained stable (Fig. 2, 
Supplementary Table 2), the estimated percentage of cal-
cium (from 8.72% to 12.07%), phosphorus (from 25.54% 
to 27.87%), potassium (from 20.67% to 22.25%), sodium 
(from 28.62% to 31.72%), and selenium (from 34.57% to 
37.21%) from meats significantly increased (all FDR < 0.05 
for trend). In line with increase in whole grain consump-
tion, the estimated percentage of iron (from 40.74% to 
44.77%), magnesium (from 24.97% to 26.25%), phospho-
rus (from 26.22% to 29.26%), potassium (from 15.77% 
to 18.39%), sodium (from 35.83% to 33.97%), zinc (from 
21.92% to 26.60%), and copper (from 24.72% to 27.57%) 
from grains significantly increased (all FDR < 0.05 for 
trend) (Fig. 2, Supplementary Table 2).

Interestingly, the beverages-based minerals sig-
nificantly increased though beverages consumption 
decreased (Fig. 2, Supplementary Table 2). The estimated 
percentage of calcium (from 7.13% to 14.84%; difference, 
8.02%; 95% CI, 7.31% to 8.72%), magnesium (from 14.03% 
to 18.85%; difference, 5.55%; 95% CI, 4.73% to 6.36%), and 
copper (from 13.18% to 17.22%; difference, 4.93%; 95% 
CI, 4.03% to 5.83%) significantly increased (all FDR < 0.05 
for trend). Similar trends were observed among potas-
sium (from 12.11% to 13.32%), sodium (from 3.01% to 
4.45%), and zinc (from 4.46% to 5.92%) (all FDR < 0.05 for 
trend).

Additionally, the minerals from vegetables and fruits 
decreased over time (Supplementary Fig. 6, Supplemen-
tary Table  2). The estimated percentage of magnesium 
from vegetables (from 12.94% to 10.96%) and fruits (from 
6.04% to 5.33%) significantly decreased. The estimated 
percentage of potassium from vegetables (from 20.55% 
to 18.62%) and fruits (from 10.68% to 9.31%) significantly 
decreased. The estimated percentage of copper from veg-
etables decreased from 14.51% to 11.22%. Similar trends 

were observed among other minerals. Besides, the esti-
mated percentage of minerals from nuts increased (e.g., 
from 5.00% to 7.42% for calcium, from 5.21% to 8.45% for 
copper).

In sensitivity analyses, observed results did not alter 
materially when trends were examined from 2003 to 
March 2020 (Supplementary Table  2), and when trends 
were examined in minerals intake from FB (Supplemen-
tary Table  2 and Supplementary Fig.  7), and when par-
ticipants with diabetes, CVD, and CKD were excluded 
(Supplementary Fig. 8), and when trends were examined 
in estimated absolute minerals intake from FB + DSs 
(Supplementary Table 3).

Trends in population subgroups
Divergent trends in minerals intake were observed 
among population subgroups from 1999 to March 2020 
(Fig.  3 and Supplementary Figs.  9–13). Many differ-
ences in minerals intake by age, gender, race/ethnicity, 
education, and income appeared to narrow but did not 
eliminate over time, such as calcium, iron, zinc, cop-
per, and selenium. For example, time trends in calcium 
intake were highly variable depending on race/ethnicity 
(P-interaction < 0.001): no change was evident among 
White and Hispanic participants, and significant increase 

Fig. 3  Trends in estimated absolute intake of nine minerals (from 
FB + DSs) by sociodemographic characteristics, 1999 to March 2020. 
Data were adjusted for NHANES survey weights to be nationally 
representative. Analyses are based on energy-adjusted values 
to 2000 kcal/d using the residual method. Results were adjusted 
for gender, age, race/ethnicity, education level, and family income 
when appropriate. Abbreviations: NHANES, National Health 
and Nutrition Examination Survey; FB, foods and beverages; DSs, 
Dietary supplements
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was seen among Black participants; findings were similar 
by age, gender, education, and income. Some differences 
in intake by age, gender, race/ethnicity, education, and 
income were relatively stable over time, such as magne-
sium and potassium. For example, the estimated intake 
of magnesium and potassium were consistently higher 
among White vs. Black participants, and among higher 
vs. lower socioeconomic status participants during most 
of study periods. For sodium and phosphorus, the esti-
mated intake was consistently similar among all popula-
tion subgroups during the study periods.

Secular trends in minerals intake by food sources by 
age, gender, race/ethnicity, education level, and income 
were similar with those in the overall population 

(Fig.  4, Supplementary Tables  5–13). However, differ-
ences by age, gender, race/ethnicity, education, and 
income appeared to narrow or remained stable over 
time. For example, the estimated percentage of miner-
als from DSs were consistently higher among White 
vs. Black participants during most of study periods, 
but the decreases in estimated percentage of minerals 
from DSs were greater among White vs. Black partici-
pants. Findings were similar by age, gender, education, 
and income. The estimated percentage of minerals from 
meats were consistently higher among White vs. Black, 
among higher vs. lower socioeconomic status partici-
pants during most of the study periods.

Fig. 4  Trends in estimated percentage of nine minerals (from FB + DSs) from nine food groups and DSs by sociodemographic characteristics, 
1999 to March 2020. Data were adjusted for NHANES survey weights to be nationally representative. Analyses are based on energy-adjusted 
values to 2000 kcal/d using the residual method. Results were adjusted for gender, age, race/ethnicity, education level, and family income 
when appropriate. Abbreviations: NHANES, National Health and Nutrition ExaminationSurvey; DSs, Dietary supplements; Milks, Milk and milk 
products; Meats, Meat, poultry, fish, and mixtures; Eggs, Eggs; Nuts, Legumes, nuts, and seeds; Grains, Grain products; Fruits, Fruits; Vegetables, 
Vegetables; Oils, Fats, oils, and salad dressings; Beverages, Sugar, sweeteners, and beverages
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Comparative differences in sources and trends among 
population groups from 2003–2004 to 2017-March 
2020 remained similar (Supplementary Tables  4–13). 
Moreover, results did not alter materially when trends 
were examined on minerals intake from FB or estimated 
absolute minerals intake from FB + DSs (Supplementary 
Tables 4–13).

Discussion
In this large, nationally representative survey of U.S. 
adults, both minerals intake and their sources altered sig-
nificantly among U.S. adults, with increases in calcium, 
magnesium, phosphorus, and sodium, and decreases in 
iron, zinc, copper, and potassium. Sociodemographic 
differences in minerals intake have persisted, but several 
differences possibly narrowed over time. Disconcertingly, 
overall minerals intake remained irrational, with high 
sodium intake greatly exceeding AIs and low magnesium 
and potassium intake under RDAs/AIs. Moreover, the 
proportion of adults meeting RDAs for iron, potassium, 
zinc, and copper significantly decreased.

Freedman MR et  al. [40] observed that usual mean 
intakes of iron, copper, and zinc decreased, that of mag-
nesium and calcium increased, and that of sodium and 
potassium decreased slightly (male) or remained stable 
(female). Due to the difference in study periods and meth-
ods for estimating minerals intake, it is hard to directly 
compare our results with previous studies. But our 
results confirmed previous findings that intake of iron, 
copper, and zinc decreased, and intake of magnesium and 
calcium increased in 1999-March 2020 [40]. Moreover, 
we also observed the percentage of participants meet-
ing RADs of calcium and magnesium increased during 
the study periods. However, some important challenges 
in minerals intake remained. Firstly, sodium intake 
remained increasing or stable across all subgroups in 
past 21.2  years, however, that greatly exceeded the AIs 
and chronic diseases Risk Reduction intake [41]. Some 
commonly consumed processed, packaged, and prepared 
foods (e.g. deli-meat sandwiches, pizza, pasta dishes, 
and burgers) were known to contribute significantly to 
sodium intake. Thus, reducing sodium in these foods may 
be useful in reducing sodium intake. Secondly, consistent 
underconsumption of potassium was common among 
U.S. adults from 1999 to March 2020. Furthermore, 
potassium intake and the percentage of adults meeting 
AIs of potassium significantly decreased. Fresh fruits and 
vegetables  provided a range of minerals and vitamins. 
Unfortunately, there was a huge gap between fruits and 
vegetables consumption and recommendations for fruits 
and vegetables among U.S. adults, and the gap appeared 
to be narrowed hardly during 1999-March 2020 [8, 42]. 
Therefore, great effort should be taken in encouraging 

adults to take more fresh fruits and vegetables. Thirdly, 
the percentage of adults meeting RADs of iron, zinc, and 
copper decreased, while intake of iron, zinc, and copper 
was consistently higher than RADs in all participants and 
subgroups during the study periods. Additionally, intake 
of phosphorus and selenium increased or stabilized in 
study periods, however, that was consistently higher 
than RADs during the study periods. Epidemiologic 
and experimental studies indicated both nutrients defi-
ciency and excess may associate with an increased risk of 
adverse health outcomes [43–46]. In addition to minerals 
deficiency, supranutritional minerals intake also need to 
pay great cautious.

Socioeconomic status and cultural differences were 
strongly associated with dietary quality including macro-
nutrients and micronutrients intake. In this study, we 
found persistent differences in minerals intake among 
major sociodemographic population groups, whereas 
these differences were diminishing in the past two dec-
ades. White, higher socioeconomic status participants 
had a higher iron intake, but had a greater decrease in 
iron intake. Inversely, Black, lower socioeconomic status 
participants had a lower calcium intake, but had a greater 
increase in calcium intake. Previous studies reported 
closing gaps in dietary habits or dietary quality across dif-
ferent socioeconomic, racial or chronic diseases subpop-
ulations, which were consistent with our findings to some 
extent [42, 47]. There were several potential explanations 
for the diminishing disparities across different socioeco-
nomic and racial subpopulations. Firstly, some federally-
funded food assistance program (such as Supplemental 
Nutrition Assistance Program) for lower income family 
may be effective in closing the income-related disparity 
in minerals intake [48, 49]. Secondly, economic growth 
and cultural integration over time may also contribute to 
similar dietary habits or dietary quality across different 
subpopulations.

Despite observed alterations in minerals intake, signifi-
cant changes in sources of minerals were also identified 
over the past two decades. This study found milk con-
sumption and minerals from milk and milk products sig-
nificantly decreased though the consumption of cheese 
and yogurt increased. The fact that decreasing milk 
consumption paralleled with increasing consumption of 
cheese means greater intake of cholesterol and calories 
[50]. Previous studies suggested that diagnosis or percep-
tion of lactose intolerance was an important reason for 
decreasing milk consumption. In fact, large misunder-
standings of lactose intolerance may exist among a sig-
nificant percentage of individuals [50, 51]. Milk, widely 
available and rich in many micronutrients, was a low-cost 
source of minerals. Thus, necessary and effective meas-
ure should be taken to alleviate unnecessary avoidance of 
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milk and excessive consumption of cheese. Besides, con-
sumption of vegetables and vegetables-based minerals 
also decreased during the periods. Vegetables were excel-
lent sources of potassium, magnesium, and vitamins, 
though oxalic acid in vegetables may weaken the absorp-
tion of dietary calcium and iron. Dietary calcium, magne-
sium, zinc, and copper based on beverages significantly 
increased though beverages consumption has declined 
[52], indicating the consumption pattern of beverages 
may undergone a butterfly change. Beyond the altera-
tion in their food sources, DSs-based minerals decreased 
dramatically, which was consistent with declines in DSs 
use in America [28, 29]. Evolving evidence about lim-
ited effect of supplements in preventing chronic diseases 
in mid-to-late 2000s may have contributed to this trend 
[53–55]. Additionally, several expert bodies also declared 
there was insufficient evidence to prove the presence 
or absence of benefits of DSs in preventing cancer and 
chronic diseases [56, 57]. Lastly, the economic downturn 
in the late 20th and early twenty-first centuries may have 
also impact on these trends.

Of note, differences between daily nutrients intake and 
recommended intake of DRIs were approximatively neg-
ligible, yet such puny differences in daily intake may sum 
to earthshaking differences in weekly, monthly, or annual 
consumption [58]. In addition, small mean changes 
among entire population or specific subgroups may cause 
substantial impacts on their overall exposure distribu-
tion and corresponding risk [59]. Consistent with this, 
the modest changes in individual minerals intake may 
lead to meaningful changes in the prevalence of certain 
diseases. However, the prevalence of certain diseases par-
alleled with trends in dietary minerals intake have been 
barely noticed, despite the paralleled trends in specific 
categories of food have been focused (e.g., the association 
between consumption trend of sugar-sweetened bever-
ages and ultra-processed foods and prevalence of child-
hood overweight and obesity). Given the importance 
of minerals for health, more efforts must be devoted to 
improving minerals intake.

This study has several strengths. The study was con-
ducted using the most recent data available in NHANES, 
providing generalizability to U.S. adults. Moreover, the 
study thoroughly investigated the trend of minerals 
intake based on quantity and sources in general popula-
tion and multiple subgroups, providing guidance for a 
rational and scientific diet. However, some limitations 
existing in this study need to be considered. Firstly, the 
minerals intake and sources were calculated based on 
24-h recalls, which could be susceptible to random and 
systematic error. Secondly, the study used nine USDA 
food groups, which may miss out on the unique nutri-
tional benefits of each individual food. Thirdly, the study 

focused on total mineral and food group-based minerals 
intake, and ignored the effect of processing methods and 
food combination on mineral absorption and bioavail-
ability. Fourthly, because only 9 minerals were provided 
in The Total Nutrient Intakes files of NHANES, we only 
evaluate trends in the nine minerals intake and sources 
among U.S. adults. Thus, further studies need to investi-
gate trends in other minerals intake and sources among 
U.S. adults. Lastly, we analyzed trends using linear 
regression, though the data may not be linear.

Conclusion
From 1999 to March 2020, both minerals intake and their 
sources experienced a significant alteration among U.S. 
adults. Additionally, trends in minerals intake and their 
sources varied by population subgroups, and many dif-
ferences appeared to narrow over time. Although some 
improvements were observed, important challenges, 
such as overconsumption of sodium and undercon-
sumption of potassium, calcium, and magnesium, still 
remained among U.S. adults.
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