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ABSTRACT

A priori dietary indices provide a standardized, reproducible way to evaluate adherence to dietary
recommendations across different populations. Existing nutrient-based indices were developed to Total nutrient intake;
reflect food/beverage intake; however, given the high prevalence of dietary supplement (DS) use gietary supplements;

and its potentially large contribution to nutrient intakes for those that use them, exposure classification dietary assessment methods;
without accounting for DS is incomplete. The purpose of this article is to review existing nutrient-based diet quality index;

indices and describe the development of the Total Nutrient Index (TNI), an index developed to NHANES;

capture usual intakes from all sources of under-consumed micronutrients among the U.S. population. U.S. adults

The TNI assesses U.S. adults’ total nutrient intakes relative to recommended nutrient standards for

eight under-consumed micronutrients identified by the Dietary Guidelines for Americans: calcium,

magnesium, potassium, choline, and vitamins A, C, D, E. The TNI is scored from 0 to 100 (truncated

at 100). The mean TNI score of US. adults (=19y; n=9,954) based on dietary data from NHANES

2011-2014, was 75.4; the mean score for the index ignoring DS contributions was only 69.0 (t-test;

p<0.001). The TNI extends existing measures of diet quality by including nutrient intakes from all

sources and was developed for research, monitoring, and policy purposes.

KEYWORDS

Introduction Because the intent of these indices is to compare intakes to
pre-defined criteria, they may be considered dietary quality
indices, i.e., they describe the degree to which diets conform
to a standard, generally one intended to be met over time.
Therefore, estimates of dietary intake should reflect long-term
or “usual” intakes. Depending upon the available dietary
data, making inferences about usual intakes may be chal-
lenging and require statistical modeling techniques, as
reviewed in (Dodd et al. 2006; Bailey et al. 2019).

In addition, any approaches that are utilized to assess
adequacy of nutrient intake should reflect exposures from
all sources (i.e. foods, beverages, and dietary supplements
(DS)). Based on national survey data of U.S. adults, it is
estimated that DS contribute over half of total intake for
vitamins C (52%) and D (71%) whereas for other nutrients
like potassium and choline nearly all intake originates from
foods and beverages alone (Figure 1). Moreover, major
sources and patterns of micronutrient intake vary by life
stage group; for example, DS contribute about 80% of vita-
min D among older adult women but much less in adult
men (19-30y; ~36%). Thus, indices that ignore DS may

The field of nutrition science utilizes a wide variety of meth-
odologies to examine relationships between diet and health.
Originally, most research assessing the relationship between
diet and health outcomes has focused on the effects of single
foods, nutrients, or their metabolites in isolation (e.g., the
role of calcium in bone health). While this approach has
provided many valuable insights, examining single dietary
components in isolation does not adequately capture the
complexity of nutrient exposures and how these may relate
to health. Dietary patterns research characterizes the diet
broadly, permitting understanding of the totality of foods
and beverages consumed (Nutrition Evidence Library 2014).
In particular, indices compare dietary exposures to predefined
criteria, such as food-based Dietary Guidelines, Dietary
Reference Intakes (DRI) for nutrients, or other recommended
patterns (e.g. Dietary Approaches to Stop Hypertension Diet
(Appel et al. 1997)). Depending on the predefined criteria,
indices may evaluate foods or food groups only, nutrients
only, or a combination of nutrients and foods (Kant 1996).
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Figure 1. Relative contributions of foods/beverages and DS to total usual micronutrient intakes among U.S. adults by sex and age, NHANES 2011-2014'2.Abbreviations:
M, Men; W, Women.'The analytic sample includes individuals’ =19 years old that were not pregnant or lactating with complete information for day 1 and 2,
24-hour dietary recalls.’The panels reflect the relative contribution of foods/beverages and dietary supplements to total usual micronutrient intake of calcium
(A), vitamin D (B), potassium (C), and choline (D). Percentages above each bar represent the relative contribution from dietary supplements.

underestimate some nutrient exposures for the half (52% in
NHANES 2011-2014) of U.S. adults who wuse
nutrient-containing DS (Cowan et al. 2018; Bailey, Gahche,
et al. 2011; Bailey, Gahche, Miller, et al. 2013; Bailey,
Gahche, Miller, et al. 2013), and may differentially under-
estimate exposures for particular life-stage groups. The
development of a micronutrient-based diet quality index
that captures nutrient exposures from all sources (including
DS) can strengthen exposure assessment and improve the
accuracy of nutrient intake estimation.

The purposes of this work are 1) to review the founda-
tional nutrient-based indices as a context for the develop-
ment of a new index, the Total Nutrient Index (TNI); 2)
describe the development of the TNI; and, 3) provide an
example of the application of the TNIL

Current status of the knowledge: Existing nutrient-
based diet quality indices and scores

All peer-reviewed literature published in the English language
from 1972 to the present that used ‘a priori’ index-based

methods to assess micronutrient exposures and dietary quality
were identified using PubMed, Google Scholar, and ProQuest.
Search terms included all of the following: index, nutrient,
micronutrient, diet, quality, score, indicator, dietary guideline,
dietary pattern, quality index, adequacy, dietary guidance, nutri-
ent intake, or a variation of these terms. Relevant reference lists
within publications were also searched further. The search was
limited to studies that used a theoretically derived index or
score. All indices and scores that did not reflect
micronutrient-based constructs only and were not limited to
those evaluating nutrient adequacy of the entire diet were con-
sidered beyond the scope of this review, and thus excluded.

We summarized the currently available nutrient-based
indices in Table 1. Note that the scoring algorithm for an
index is distinct from the particular dietary assessment tool
used to collect intake data as well as methods used to
analyze such data. Accordingly, we first discuss the scoring
algorithm for currently available nutrient-based indices.
These indices were developed for various purposes, such
as evaluating diet-health relationships, surveillance, or mon-
itoring the impact of policy changes.
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Madden and Yoder proposed one of the first (1972)
nutrient-based index methods, the Mean Adequacy Ratio
(MAR), to measure the effectiveness of food-assistance pro-
grams on nutrient adequacy for 10 nutrients (Madden and
Yoder 1972). The MAR is the average of individual nutrient
adequacy ratios (NAR), expressed as self-reported, daily nutri-
ent intake relative to the Recommended Dietary Allowance
(RDA). NAR values range from 0 to 1.0, with higher scores
indicating diets that are more aligned with nutrient bench-
marks. To reduce the effects of higher or “over” consumption,
NAR values are truncated at 1.0. The nutrients chosen for
inclusion in the original MAR were based on nutrients with
an RDA at the time, including protein, calcium, phosphorus,
iron, vitamin A, thiamin, riboflavin, niacin, vitamin C, and
energy. The MAR was later applied by Guthrie and Scheer
(Guthrie and Scheer, 1981; Guthrie and Scheer, 1981) to
examine program effectiveness using a set of 10 nutrients to
assess dietary adequacy and to evaluate food group intakes.
The MAR has since been used in various settings (Eldridge
et al. 2019; Bailey et al. 2009; Kachurak et al. 2018; Marshall
et al. 2005; Hatlgy, Torheim, and Oshaug 1998; Kuczmarski
et al. 2017; Maillot et al. 2007; Aggarwal et al. 2014; Beydoun
et al. 2015; Darmon et al. 2016; Jun et al. 2019; Kachurak
et al. 2019; Kim, Yang, and Park 2018; O’'Neil et al. 2009;
Perignon et al. 2016; Vieux, Privet, and Masset 2018) with
applications predicated on mean daily intake from foods and
beverages (Eldridge et al. 2019; Bailey et al. 2009; Kachurak
et al. 2018; Marshall et al. 2005; Hatloy, Torheim, and Oshaug
1998; Maillot et al. 2007; Aggarwal et al. 2014; Beydoun et
al. 2015; Darmon et al. 2016; Kachurak et al. 2019; Kim,
Yang, and Park 2018; O’Neil et al. 2009; Perignon et al. 2016;
Vieux, Privet, and Masset 2018) as well as those inclusive of
DS (Bailey et al. 2009; Kuczmarski et al. 2017; Jun et al. 2019).

Murphy et al. (1996) developed a nutrient-based diet
quality score to assess dietary quality of eight essential nutri-
ents and risk of mortality in the U.S. adult population
(Murphy et al. 1996). Similar to the MAR, Murphy et al.
used the RDA as the nutrient standard of adequacy. The
number of nutrients identified with less than two-thirds of
the respective RDA were summed for each participant.
“Poor” diet quality was defined as a diet where five or more
nutrients of the eight nutrients examined were below 67%
(i.e., two-thirds) of the RDA, as opposed to “not poor” diet
quality for the remaining individuals who had fewer than
five nutrients below 67% of the RDA. These nutrients
included protein, iron, calcium, thiamin, riboflavin, pre-
formed niacin, and vitamins A and C.

Fitzgerald, Dewar, and Veugelers (2002) adopted an
approach of aggregating nutrients into an overall summary
measure called the Diet Quality Score (DQS) (Fitzgerald,
Dewar, and Veugelers 2002). The DQS was designed to
assess compliance with the DRI for 17 nutrients that had
available DRIs. A value of “1.0” was assigned for nutrient
recommendations (i.e., primarily the Estimated Average
Requirement (EAR), and Adequate Intake (AI) if the EAR
was unavailable) that were met, and a value of “0” was
assigned for nutrient recommendations that were not met.
The total number of values assigned to each of the nutrient
recommendations were then summed to produce a total

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION 1725

compliance score, ranging from 0 to 17. The 17 nutrients
evaluated include: carbohydrate, fat, saturated fat, protein,
thiamin, riboflavin, niacin, phosphorous, magnesium, iron,
zinc, selenium, and vitamins A, B6, B12, C, and E
(Fitzgerald, Dewar, and Veugelers 2002).

Arimond et al. (2010) constructed a nutrient-based diet
quality index with a structure similar to the MAR, known
as the Mean Probability of Adequacy (MPA), to calculate
the mean probability of adequacy for 11 micronutrients with
known public health relevance (e.g., effects on pregnancy
outcomes and breast milk content) using data from 5 exist-
ing data sets (Arimond et al. 2010). The probability of
adequacy for a specific nutrient is equivalent to the preva-
lence of nutrient adequacy at the group level, and the aver-
age of the 11 probabilities of adequacy yields the summary
variable, known as the MPA score (on a scale of 0 to 1.0).
Nutrients assessed in the MPA score were thiamin, ribofla-
vin, niacin, folate, calcium, iron, zinc, and vitamins A, B6,
B12, and C. Adequacy standards included both the World
Health Organization, Food and Agriculture Organization
(Joint World Health Organization and Food and Agriculture
Organization of the United Nations Expert Consultation on
Human Nutrition and Mineral Requirements 2004) and the
Food and Nutrition Board (Institute of Medicine 2006).

In 2015, the Committee to Review WIC Food Packages
(Rasmussen, Latulippe, and Yaktine 2016) developed the
Nutrient-Based Diet Quality Index (NBDQ), an index
designed to examine the mean probability of dietary ade-
quacy. The intent of the Committee was to develop a tool
that could be used to evaluate the effectiveness of policy
changes in the Special Supplemental Nutrition Program for
Women, Infants, and Children (WIC) food packages
(Rasmussen, Latulippe, and Yaktine 2016). Because WIC
packages provide foods and beverages, an index representing
nutrient adequacy was needed to address whether the WIC
food package policy changes increased the nutrient adequacy
of WIC participants. Individuals were classified into cate-
gories of nutrient adequacy according to the ratio of nutrient
intake to the EAR or Al, multiplied by 100 and truncated
at 100%. The average of the nutrient adequacy categories
was estimated to reflect the overall percentage of nutrient
adequacy on a scale of 0 to 100. Nine under consumed
nutrients identified by the 2015-2020 Dietary Guidelines
Advisory Committee were assessed: potassium, dietary fiber,
calcium, iron, vitamin C, folate, vitamin A, vitamin E, and
magnesium. Additional nutrients were also considered
among certain population subgroups (i.e., 0-24 mo. and 2-5
yrs.), such as zinc.

Summary of review and research needs

While these indices differ in their construction, all compared
nutrient intakes relative to a nutrient standard of adequacy.
Furthermore, the initial applications of the five nutrient-based
indices evaluated nutrients from food and beverage sources
alone, ignoring the potential contributions from DS, which
are substantial for some nutrients (Bailey, Gahche, et al.
2011; Bailey et al. 2012). These five existing indices also
share another similarity: they were initially applied to data
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sets where dietary intake was assessed via the 24-hour
dietary recall (24HR) method (Table 1). The data sets ini-
tially considered for the first two nutrient-based diet quality
indices examined (Madden and Yoder 1972; Murphy et al.
1996) comprised only a single 24HR per respondent, whereas
the data for the other three indices (Fitzgerald, Dewar, and
Veugelers 2002; Arimond et al. 2010; Rasmussen, Latulippe,
and Yaktine 2016) comprised up to two or three 24HRs per
respondent. Although 24HRs provide rich details about
dietary intake on a given day, clearly, intake on a single
day, even if measured perfectly, does not represent usual
intake, nor does the mean of a small number of days for
most nutrients (Kipnis et al. 2003; Subar et al. 2003; Park
et al. 2018). The measurement error that pervades self-report
dietary assessment instruments, including the 24HR, is both
random and systematic and affects estimation of usual intake
at the individual level and at the group level. The effects
of systematic measurement error cannot generally be ame-
liorated, nor can the effects of random error on estimates
of individual usual intake without considerable investment
in monitoring individual intake over time. However, the
effects of random error on group-level characteristics, such
as the mean or distribution of usual intake, are well under-
stood and can be accounted for using statistical modeling
techniques that adjust for random error. These modeling
techniques can be applied to data sets with small numbers
of repeat 24HRs per person to make inferences about the
distribution of long-term within-person average 24HR
intake, under the strong assumption that such averages
approximate true individual usual intakes (Dodd et al. 2006;
Bailey et al. 2019). None of the five indices originally con-
sidered nutrients from DS, and few employed statistical
modeling techniques for the 24HR data. Thus, a need exists
for a nutrient-based index that reflects usual intake from
foods, beverages, and DS that is amenable to statistical mod-
eling techniques and the restricted inference that they impose.

Development of the total nutrient index (TNI)
Guiding principles

The TNI was developed by a team of nutrition scientists,
nutritional epidemiologists, and biostatisticians with expertise
in dietary assessment of foods, beverages, nutrients, and DS
and previous experience in the development and validation
of dietary indices. Several guiding principles (Table 2) were
used to develop the TNI. First, the team informed the inclu-
sion of only micronutrients in this index given that most
existing indices largely focus on foods or nutrients to limit
such as sodium, or include a combination of macronutrients
and micronutrients, and macronutrients are reflected in exist-
ing indices quite well. Second, the specific focus on under
consumed micronutrients among the U.S. population was
driven by the concept that these nutrients are of public health
relevance (Bailey et al. 2021) and that many individuals are
consuming less amounts than recommended, suggesting that
incorporation of these nutrients allows the TNI to capture
variability in total nutrient intake at the population level.
Furthermore, inclusion of other nutrients that are adequate

or at risk of overconsumption may dilute resultant findings.
Third, we chose to use the DRI standards as a benchmark,
which are agnostic to energy intake and relatively stable over-
time, and therefore, more suited for micronutrient intake
assessment. The RDA or AI was chosen as the DRI standard
for inclusion in the index. This decision was made based on
the concept that the RDA is a sufficient level to meet the
nutrient requirements of nearly all healthy individuals and
can be used to assess individuals’ intakes; usual intake at or
above this level has a low probability of inadequacy. The Al
is set based on nutrient intake estimates of an apparently
healthy population (Institute of Medicine Standing Committee
on the Scientific Evaluation of Dietary Reference Intakes. DRI
Dietary Reference Intakes: Applications in Dietary Assessment
2000), and is assumed to be adequate when the RDA cannot
be determined, but the AI cannot be used to assess adequacy
in the same way an RDA can, which is a considerable lim-
itation. Finally, reference standards, like a DRI, should be
compared to usual intakes. While the concept is simple, the
application is challenging given the measurement error inher-
ent in dietary data and the extensive statistical programming
knowledge required to address the effects in whole or in part.
Nevertheless, accounting for random measurement error,
manifested as within-person variation in self-reported intake,
is of utmost importance to avoid biasing resultant findings
and/or overestimating or underestimating the proportion of
the population at risk for micronutrient inadequacy or excess.
Practical application of the TNI should recognize the possi-
bility of measurement error in assessment of intakes from all
sources, including DS assessment tools, and the statistical
method used to summarize nutrient intakes should be care-
fully considered when applying the index.

Description of the TNI

The TNI evaluates usual micronutrient intakes from foods,
beverages, and DS relative to the RDA or Al for eight under
consumed micronutrients previously identified in the the most
recent iteration of the Dietary Guidelines for Americans at the
time of index construction: calcium, magnesium, potassium,
choline, and vitamins A, C, D, and E (2015-2020 Dietary
Guidelines for Americans, 2015). For each micronutrient, usual
total intakes are expressed as a percentage of the RDA (if avail-
able) or AI with higher scores reflecting intakes closely aligned
with DRI recommendations. The percentage of each micronu-
trient relative to the RDA or Al was truncated at 100% to
reduce the potential for very high intakes exerting undue influ-
ence on the overall TNI score and with each micronutrient
weighted equally. The TNI overall score (ranging from 0 to
100) is the average of the component scores.

Application of the TNI to population-based data:
NHANES 2011-2014

Methods

TNI scores for the U.S. adult population were estimated
utilizing data from the National Health and Nutrition
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Guiding principle

Rationale

1. Capture only micronutrients

Micronutrient intake is an essential contribution to optimal health, but most existing indices focus on foods or

nutrients to limit, or include a combination of macronutrients and micronutrients. Macronutrients are reflected in

existing indices quite well.
2. Focus on under-consumed
micronutrients among the U.S.
population
population.
3. Utilize current evidence-based
reference values
4. Base the score on usual
micronutrient intakes

Under-consumed micronutrients are of public health relevance given that many are consuming less than
recommended. Inclusion of other nutrients that are adequate or over consumed may dilute resultant findings;
therefore, micronutrient selection was made with the intent of capturing variation in total nutrient intake for the

The DRIs are a set of reference values that are used to plan and assess nutrient intakes of healthy people. DRIs for
micronutrients are agnostic to energy intake.

The DRIs are intended to be met over time, not just in a single day’s intake; therefore, usual intakes should be
compared to these reference standards. Intake estimates obtained from a single or a few 24HRs exhibit substantial

random measurement error, manifested as within-person variation (Neuhaus, Murphy, and Davis 1991). Usual intake
can be approximated in a variety of ways; our methods used reflect those recommended as best practice (Bailey et
al. 2019; Garriguet 2010; Souverein et al. 2011).

Abbreviations: TNI, Total Nutrient Index; DS, Dietary Supplement; 24HR, 24-hour dietary recall; DRI, Dietary Reference Intake.

Examination Survey (NHANES). The NHANES is a nation-
ally representative, continuous, cross-sectional survey of
noninstitutionalized, civilian residents of the United States.
The NHANES utilizes a complex, stratified, multistage prob-
ability cluster sampling design (Zipf, Chiappa, and Porter
2013), and all data included in this analysis was collected
by the National Center for Health Statistics. In NHANES,
information on foods, beverages, and DS is obtained via up
to 2 24HRS; DS use for the previous 30days was also
assessed with the Dietary Supplement and Prescription
Medicine Questionnaire (DSMQ). Complete details of the
NHANES methodology can be found in the Supplemental
Data, Section 1. A NHANES 2011-2014 sample of 9,954
adults (= 19y) with at least one 24HR and the DSMQ,
excluding pregnant and lactating women, was used for the
application of the TNI.

In the present analysis, reported DS intake were calcu-
lated using the total number of reported days of DS use
over the past 30days, multiplied by the amount the partic-
ipant reported taking per day if DS intakes were reported
on the DSMQ in-home inventory. If DS intakes were not
reported on the DSMQ, but were reported on =1 24HR
recall, then the mean nutrient intake from supplemental
sources reported on the Day 1 and Day 2 24HR recalls was
used, consistent with previous work (Nicastro, Bailey, and
Dodd 2015; Cowan et al. 2020).

We used the multivariate extension of the National
Cancer Institute (NCI) Method, that uses a Markov Chain
Monte Carlo (MCMC) approach to jointly model intakes
from foods and beverages (Zhang et al. 2011). This method
accounts for skewness in observed intake distributions,
covariate and nuisance (i.e., interview sequence, weekend/
weekday) effects on intake, and random measurement error,
as well as modeling correlation among intakes of different
dietary components. This method was previously used to
estimate Healthy Eating Index (HEI) scores from foods and
beverages from NHANES data (Reedy et al. 2018). To esti-
mate the distribution of usual intakes, the NCI method
utilizes a distribution of “pseudo-individuals” that are gen-
erated based on the estimated model parameters and the
distribution of covariates (age, sex, and DS use) as the orig-
inal sample. To incorporate the assessment of DS, we
extended the multivariate MCMC method by adding an

additional step after the pseudo-population is generated.
Specifically, for each pseudo-person, the reported daily DS
amount was added to the generated usual intake from foods
and beverages to obtain the total usual intake for the
pseudo-person. Next, the TNI scoring algorithm was applied
to the set of total usual intakes for each pseudo-person to
obtain component and total TNI scores. Means and percen-
tiles of TNI scores were then derived for the
pseudo-population, as explained in Table 3.

All statistical analyses were performed using SAS software
(version 9.4; SAS Institute Inc., Cary, NC, USA) accounting
for the NHANES complex survey design and sampling
weights to adjust for differential non-response and
non-coverage, and oversampling and post-stratification.
Standard errors (SE) for all statistics of interest were approx-
imated using Fay’s modified balanced repeated replication
technique (Burt and Cohen 1984; Shao and Rao 1999). Due
to extreme values in the tails of some of the distributions
of estimated mean nutrient intakes from DS, the total usual
intake estimates used to calculate the overall TNI score
reflect a Winsorized distribution (which increases the sta-
bility of the estimates), where intakes above the 98th per-
centile or below the 2nd percentile were Winsorized to the
next highest (98th percentile) or lowest (2nd percentile)
value, respectively. To elucidate the differences in scores
between micronutrient intakes from foods and beverages
when compared with those inclusive of DS, the same index
from foods and beverages alone, named the Food Nutrient
Index (FNI) was also scored. Differences between FNI and
TNI total scores were compared using paired t-tests; a
p-value of <0.05 was considered statistically significant.

Results

The average TNI score was estimated to be 75.4 out of 100;
whereas the average score for the FNI was 69.0 (p<0.001)
(Table 4). This differential pattern in adequacy between
micronutrient intakes from foods and beverages when com-
pared with those inclusive of DS was largely driven by low
intakes of vitamins D and E, as compared to higher intake
of calcium, magnesium, and vitamin C. Most notably, the
TNI vitamin D component score from dietary sources (30.3)
was 25.9 points lower than the TNI vitamin D component



1728 A.E.COWAN ET AL.

Table 3. Steps used to estimate distributions of total usual intake and calculate TNI scores.'

Step in development of TNI
score

Explanation and rationale

1. Modeling Usual Intakes
from Foods and
Beverages

use as covariates in modeling.

2. Predicting Total Usual

Intakes

In Step 1, data are first transformed to approximate normality, within-person variability is separated from between-person
variability, and any correlation between nutrients is accounted for to predict usual intake estimates from dietary sources
using the multivariate NCI method (Zhang et al. 2011; Tooze et al. 2006; Tooze et al. 2010) including age, sex, and DS

In Step 2a, “pseudo-individuals” are generated from the parameters estimated from the model fit in Step 1. This population
has the same distribution of covariates (age, sex, and DS use) as the original population.

In Step 2b, DS users are identified in the pseudo-individual population based on the DS use covariate. For DS users, the
mean daily intake amount from DS is added to the predicted usual intake of the nutrient from step 2a to predict usual

intake from foods, beverages, and DS.
3. Scoring

In Step 3, for each pseudo-individual, the ratio of their total usual nutrient intake to the corresponding age- and sex-specific

RDA or Al is scored, with truncation at a maximum ratio of 1.0, and the ratio is multiplied by 100. This is completed for
each of the 8 TNI components, and the component scores are then averaged to yield the total TNI score.

4. Estimating Distributions

In Step 4, means and percentiles of TNI scores are computed for the population of pseudo-individuals. Inferences about the

real population based on the distribution of intake within the pseudo-population are able to be made because the
distribution of covariates in the real population sampled are used as a basis for the pseudo-population.

Abbreviations: TNI, Total Nutrient Index; DS, Dietary Supplement; RDA, Recommended Dietary Allowance; Al, Adequate Intake.
'Steps for modeling the extension of the Markov Chain Monte Carlo approach were adapted from the National Institutes of Health, National Cancer Institute

2020.

score from all sources (56.2). Additionally, when evaluating
TNI component scores stratified between DS users and
non-DS users, considerable differences in intake were noted
for several micronutrients, with the largest differences
observed for micronutrients commonly found in DS (ie.,
vitamins A, C, D, E, and calcium and magnesium) when
compared to other micronutrients not commonly found in
DS (i.e., potassium and choline) (Figure 2).

Discussion

The TNI extends previously developed methods to include
nutrient exposures from DS. Like other nutrient-based
indices, we used 24HR data to demonstrate the use of the
TNI; however, we utilized a new procedure to make infer-
ences about total usual dietary intakes from foods, bever-
ages, and DS. TNI scores, reflective of nutrient exposure
from all sources, were significantly higher than FNI scores
reflective of foods and beverages alone, illustrating the
importance of capturing nutrients obtained from supple-
mental sources. Notable differences in FNI and TNI com-
ponent scores were apparent for most micronutrients that
are commonly consumed in the form of DS, such as vita-
min D. Our selection of micronutrients for inclusion in
the first iteration of the TNI align with the micronutrients
identified as under consumed in the most recent iteration
of the DGA at the time of index construction; for some
of these nutrients (e.g., vitamins D and E), differential
estimates of inadequacy are obtained when compared with
biochemical markers of status or exposure (Pfeiffer et al.
2013; Traber 2014). Thus, the inclusion of different nutri-
ents in the TNI may be of interest when evaluating dif-
ferent population subgroups, or yield differential patterns
in scores in different population subgroups. Similar to our
findings, when users and non-users of DS were stratified
for analysis, Kuczmarski et al. (Kuczmarski et al. 2017)
observed a differential pattern in scores between the MAR
from foods alone (MAR: 75) when compared with the
MAR from all sources (MAR: 86).

The TNI is intended to provide complementary informa-
tion to food-based indices, such as the HEI, an index
designed to evaluate how closely dietary patterns (i.e., food
and beverage intake) align with the most recent iteration
of the Dietary Guidelines for Americans (Supplemental Table
1) (Reedy et al. 2018; Krebs-Smith et al. 2018). The HEI
primarily focuses on food groups (e.g., total dairy, total
fruit, and seafood and plant proteins) but does include spe-
cific food components such as sodium and fatty acids; it
does not include intake from DS. A micronutrient exposure
metric in tandem with another food-based metric may pro-
vide a more holistic understanding of the source of dietary
intake and where gaps in intake may exist. For example, if
a population subgroup scores low on the total dairy HEI
component score and low on the FNI, but high on the TNI
calcium and vitamin D component score, it may indicate
that the group is able to meet nutrient needs through sup-
plementation, but this information is not apparent when
only evaluating intake from foods and beverages alone. The
HEI incorporates constructs of both dietary adequacy and
excess (e.g., sodium and saturated fats). Future iterations of
the TNI may explore strategies to score the system to rep-
resent potentially excessive nutrient exposures from DS. The
TNI framework can easily be updated to reflect different
reference values if the DRI values are updated, as was the
case with potassium in 2019. Other future applications of
the TNI may also include evaluating the TNI in relation to
health outcomes, such as, all-cause mortality, cardiovascular
disease, and cancer.

The extension of the NCI Method allows for the esti-
mation of the distribution of total usual intake by incor-
porating nutrients from DS using a “shrink then add”
approach that recognizes the statistical assumptions required
by modeling techniques that adjust for random error in
24HRs. In particular, the distributions of nutrient intake
amounts from a 24HR, while skewed, are generally contin-
uous and can be transformed to approximate normality, a
requirement for most software intended for these purposes.
In contrast, distributions of supplement intakes are more
likely to be highly skewed with discrete spikes or values
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Figure 2. Estimated TNI component scores among U.S. adults (=19y), overall and by DS use, NHANES 2011-2014. Abbreviations: TNI, Total Nutrient Index; DS,
Dietary Supplement; NHANES, National Health and Nutrition Examination Survey.

corresponding to doses found in commonly used products then shrink”) are likely to produce multimodal distributions

(Bailey et al. 2019). The amounts of nutrients in DS can that are not amenable to normality transformations. Further

be quite large relative to those found in food sources, so justification for using the shrink then add method are given
simply adding usual DS amounts to each 24HR (i.e. “add elsewhere (Bailey et al. 2019).

Table 4. Estimated means and percentiles of TNI and FNI overall and component scores among all U.S. adults (=19y); 2011-2014 NHANES.

Mean TNI score from foods/ Percentiles of TNI scores?
TNI Component beverages and DS’ 5th 25t 50t 75t 95th
Calcium 86.5 48.1+0.9 749+0.8 100.0+0.3 100.0+0.0 100.0+0.0
Magnesium 82.5 47.7+0.6 68.8+0.6 87.2+0.8 100.0+0.0 100.0+0.0
Potassium 84.6 52.6+0.8 73.0+0.6 89.5+0.7 100.0+0.0 100.0+0.0
Choline 68.0 39.0+0.7 54,0+0.5 66.7+0.4 81.6+0.7 100.0+0.0
Vitamin A 76.8 329+1.0 57.3+£1.2 82.7+1.6 100.0+0.0 100.0+0.0
Vitamin C 82.5 28.0+1.2 66.0+1.8 100.0+0.0 100.0+0.0 100.0+0.0
Vitamin D 56.2 11.0£0.5 23.7+0.5 46.6£1.1 100.0+0.0 100.0+0.0
Vitamin E 65.7 28.1+0.6 45.0+0.6 62.7+0.7 919+1.8 100.0+0.0
TNI Total Score 75.4 43.7+0.6 63.5+0.6 78.3+0.4 89.5+0.3 97.9+0.2
Mean ENI score from foods/ Percentiles of FNI scores?

FNI Component beverages' 5th 25t 50t 75t 95t
Calcium 81.7 441+£0.9 66.5+0.8 87.7+£0.8 100.0+0.0 100.0£0.0
Magnesium 79.5 46.1+£0.6 65.5+0.5 81.8+£0.7 100.0+0.2 100.0+0.0
Potassium 84.3 523%+0.8 72.6x0.6 89.0+£0.7 100.0+0.0 100.0£0.0
Choline 67.7 38.8+0.7 53.8+0.4 66.4+0.4 81.2+0.7 100.0+0.0
Vitamin A 73.5 32.1+£1.0 545+1.1 758+1.4 100.0+0.2 100.0£0.0
Vitamin C 75.5 249+1.1 53.6t1.4 85.4+1.6 100.0+0.0 100.0+0.0
Vitamin D 30.3 9.2+0.5 174+£05 26.3%0.5 38.7+0.6 65.8+1.7
Vitamin E 59.7 27.3+£0.6 42.6+0.6 57.0+0.6 753+0.8 100.0£0.0
FNI Total Score 69.0 41.1+0.6 57.6+0.5 70.4+0.4 81.7+0.3 92.2+0.3

Abbreviations: NHANES, National Health and Nutrition Examination Survey; FNI, Food Nutrient Index; TNI, Total Nutrient Index.
'Standard errors of the means were estimated via Fay’s Modified Balanced Repeated Replication weights, and were all less than 4% of the population mean.
2Estimates are mean *standard error. Standard errors of the means were estimated via Fay’s Modified Balanced Repeated Replication weights.
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As with any analysis, the strengths and limitations of the
present study should be noted. Indices provide a standard-
ized a priori rubric to assess and compare diet quality or
adequacy in a consistent manner (Burggraf et al. 2018;
Waijers, Feskens, and Ocké 2007). The TNI conceptually
represents total usual nutrient exposures and was applied
using extensions of existing methods. The TNI can be used
to complement information garnered from food-based diet
quality indices, such as the HEI (Kirkpatrick et al. 2018).
However, self-reported dietary intake data is prone to other
types of measurement error (i.e., systematic error), which
cannot be accounted for in this index or any other type of
analysis. Furthermore, little is known about the measurement
error structure of DS reporting (Bailey et al. 2019). Future
work investigating the TNI with other dietary assessment
methods (e.g., a food frequency questionnaire or diet
record), in different populations, with different nutrients of
interest, and with different statistical modeling approaches
is warranted. Finally, more work is needed to establish the
validity of TNI scores.
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