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ABSTRACT

Background: Most dietary indices reflect foods and beverages and do not include exposures from dietary supplements
(DS) that provide substantial amounts of micronutrients. A nutrient-based approach that captures total intake inclusive
of DS can strengthen exposure assessment.

Objectives: Ve examined the construct and criterion validity of the Total Nutrient Index (TNI) among US adults (>19
years; nonpregnant or lactating).

Methods: The TNI includes 8 underconsumed micronutrients identified by the Dietary Guidelines for Americans:
calcium; magnesium; potassium; choline; and vitamins A, C, D, and E. The TNI is expressed as a percentage of the
RDA or Adequate Intake to compute micronutrient component scores; the mean of the component scores yields the
TNI score, ranging from 0-100. Data from exemplary menus and the 2003-2006 (>19 years; n = 8861) and 2011-2014
NHANES (>19 years; n = 9954) were employed. Exemplary menus were used to determine whether the TNI yielded
high scores from dietary sources (women, 31-50 years; men > 70 years). TNI scores were correlated with Healthy Eating
Index (HEI) 2015 overall and component scores for dairy, fruits, and vegetables; TNI component scores for vitamins A,
C, D, and E were correlated with respective biomarker data. TNI scores were compared between groups with known
differences in nutrient intake based on the literature.

Results: The TNI yielded high scores on exemplary menus (84.8-93.3/100) and was moderately correlated (r = 0.48)
with the HEI-2015. Mean TNI scores were significantly different for DS users (83.5) compared with nonusers (67.1);
nonsmokers (76.8) compared with smokers (70.3); and those living with food security (76.6) compared with food
insecurity (69.1). Correlations of TNI vitamin component scores with available biomarkers ranged from 0.12 (a-
tocopherol) to 0.36 (serum 25-hydroxyvitamin D), and were significantly higher than correlations obtained from the diet
alone.

Conclusions: The evaluation of validity supports that the TNI is a useful construct to assess total micronutrient

exposures of underconsumed micronutrients among US adults. J Nutr2022;152:863-871.
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Introduction

The assessment of nutrient exposures is critical for assessing
population-level adherence to dietary recommendations and un-
derstanding diet and health relationships. Dietary indices offer
a robust, reproducible method for examining and comparing
diets to a standard across a variety of populations (1). To
date, the majority of existing dietary indices have been used
to reflect conformance with dietary recommendations based on

intakes from foods and beverages alone and do not include
nutrients that are obtained from dietary supplements (DS) (2).
However, DS provide substantial amounts of micronutrients for
the half of adults and one-third of children that use them (3—
5). Because the use of DS has been associated with a reduced
risk of micronutrient inadequacy in US adults (6-9), excluding
them from dietary indices prevents a comprehensive evaluation
of nutrient exposures (10).
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A validated tool to assess micronutrient intake patterns
could be used as a standalone tool or combined with other
food-based indexes to provide a more comprehensive exposure
assessment than food-based indices alone. To this end, the
Total Nutrient Index (TNI) (2) was developed to describe total
usual intakes of underconsumed micronutrients among the US
population from foods, beverages, and DS relative to the RDA
or Adequate Intake (AI). There are 8 micronutrients previously
identified as underconsumed among US adults (nonpregnant
or lactating) by the Dietary Guidelines for Americans (11):
calcium, magnesium, potassium, choline, and vitamins A, C,
D, and E comprise the current score. The Food Nutrient
Index (FNI), based on foods and beverages alone, is calculated
identically to the TNI without the nutrient contributions from
DS, making it equivalent to the TNI for individuals who do not
use DS (2). When compared to the TNI, the FNI can be used
to examine the impact of DS use on adherence to micronutrient
intake recommendations for a population.

The purpose of this study is to assess the degree of validity
demonstrated by the TNI as a measure of adequacy of intake
of underconsumed micronutrients among the US nonpregnant,
nonlactating adult population. Construct validity, the extent
to which an instrument measures what it intends to measure
(12); criterion validity, the performance of a measure against
a standard for the population of interest (12); and ceiling
effects of the TNI and FNI were evaluated using exemplary
menus and national self-report dietary and biomarker data.
Specifically, we examined whether index scores were high for
diets that were designed to meet recommended nutrient targets
and would be expected to be highly adherent to the DRI using
exemplary menus. Using national data, known group validity
was examined to determine whether the index could distinguish
differences in micronutrient intakes between groups that have
been demonstrated to differ in this regard. We also examined
correlations of the TNI and FNI, including the component
scores, with the Healthy Eating Index (HEI) 2015 and its
component scores, as well as with nutritional biomarkers. Our
expectation was that the index would be weakly to moderately
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correlated with the HEI-20135, as it represents an overlapping
but not identical construct. Similarly, we anticipated weak to
moderate correlations with biomarkers, which reflect dietary
intakes but are also impacted by other characteristics (e.g.,
smoking status, obesity) not reflected in the index.

Methods
TNI scoring

The total usual intake for each micronutrient is estimated from foods,
beverages, and DS and expressed as a percentage of the age- and sex-
specific RDA or Al (truncated at 100% of the respective standard), with
higher scores (scores range from 0 to 100) reflecting intake more closely
aligned with recommendations. The TNI overall score, ranging from 0
to 100, is the average of the 8 micronutrient component scores, with
each micronutrient component score weighted equally (2). The scoring
algorithm for the FNI and TNI is described in Supplemental Box 1;
additional details regarding the development and methodology of the
FNI and TNI can be found elsewhere (2).

Strategies to evaluate validity

Four strategies were utilized to evaluate the construct and criterion
validity of the TNI (Box 1). In this case, we sought to determine to what
degree the TNI adequately assessed adherence to nutrient adequacy
standards by evaluating whether the index 1) yielded high scores for
exemplary menus; 2) differed between groups with known differences
in nutrient intake based on prior knowledge; and 3) exhibited a
relationship with another measure of dietary quality, the HEI-2015; and
whether the component scores 4) were correlated with biomarkers of
nutrient intake {e.g., serum 25-hydroxyvitamin D [25(OH)D]}. For the
evaluation of the latter points, the TNI was compared to the FNI to
elucidate the role of DS use in the utility of the score.

BOX 1.

Questions and strategies used to evaluate the construct and
criterion validity of the FNI and the TNI

Question Strategy

Does the FNI yield high scores for
exemplary menus?

Compute FNI scores of sample menus from
the USDA Food Patterns, DASH Diet,
Harvard Medical School Healthy Eating
Guide, and AHA No-Fad Diet for women
31-50 years and men > 70 years

Compare usual FNI and TNI total scores of
adult supplement users and nonusers,
food-secure and food-insecure adults,

Do the FNI'and TNI differentiate
between groups with known
differences in nutrient intake?

and smokers and nonsmokers in the US
adult population

What is the relationship between Estimate Pearson correlations of usual total

the FNI/TNI and the HEI-2015? and component HEI-2015 scores and
usual total and component FNI'and TNI
scores, respectively, for the US adult
population (>19 years)

Estimate Pearson correlations of FNI and
TNI component scores and their
nutritional biomarkers for the US adult

population (>19 years)

What is the relationship between
component scores of the FNI and
TNI and their respective
nutritional biomarkers?

DASH, Dietary Approaches to Stop Hypertension; FNI, Food Nutrient Index;
HEI, Healthy Eating Index; TNI, Total Nutrient Index.
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As an additional descriptive characteristic, we also evaluated
potential ceiling effects by examining the range of scores in the
population and the percentage of the population with scores of 100
by component. An a priori criterion of 25% was established to evaluate
potential ceiling effects; that is, no more than 25% of the population
should have a perfect total score on the TNIL.

Data sources

Two types of data were employed: exemplary menus and data from
the NHANES, which included two 24-hour dietary recalls (24HR), a
dietary supplement inventory, and nutritional biomarkers (NHANES
2003-2006 and NHANES 2011-2014).

Exemplary menus.

Exemplary menus represent eating plans consistent with high-quality
diets or adherence to a recommended dietary pattern (i.e., foods and
beverages alone) at a given energy level (13). The intent of this analysis
was to reflect hypothetical patterns of eating and to determine whether
the FNI produces high scores for theoretically high-quality diets (as
anticipated). FNI scores were calculated for 4 different exemplary
menus: 1) the 7-day 2000-kcal/d USDA Food Pattern menu (14); 2)
the 7-day 2000-kcal/d National Heart, Lung, and Blood Institute’s
Dietary Approaches to Stop Hypertension Diet menu (15); 3) the 7-day
2000-kcal/d Harvard Medical School’s Healthy Eating Guide menu
(16); and 4) the 1-day 2000-kcal/d sample menu from the AHA’s 2005
No-Fad Diet (17). Complete details on each of the 4 exemplary menus
can be found in the Supplemental Methods, Section 1.

None of these menu plans include nutrients from DS; thus, for the
exemplary menus, we estimated FNI scores using a simple algorithm
method. First, the nutrients provided by each menu were calculated by
the Purdue University Diet Assessment Center using the USDA Food and
Nutrient Database for Dietary Studies, 2017-2018 (18),and summed by
day. Next, the mean of the calculated nutrient intakes across the multiple
days of menus (if available) was compared to the RDA or Al values for
middle-aged women (31-50 years) and also for older men (>70 years)
for each nutrient (11, 19); values above the RDA or Al were truncated
at 100, and the mean across all component scores was calculated to
yield the FNI score. These groups of adults were chosen for comparison
because they have estimated energy requirements of 2000 kcal/day for
moderately active women and sedentary men, which is the approximate
energy intake used for the menus (20).

Nationally representative data.

The remainder of the analyses used data from the NHANES, a
nationally representative, cross-sectional survey of the US noninsti-
tutionalized civilian resident population conducted by the National
Center for Health Statistics. In NHANES, data are collected in
2-year, continuous survey cycles at 3 time points: during an in-person
household interview, during a dietary interview (i.e., 24HR) and health
examination in the Mobile Examination Center, and during a follow-
up dietary interview via telephone. Information on foods, beverages,
and DS is acquired via up to two 24HRs; DS intake over the previous
30 days is also assessed via the Dietary Supplement and Prescription
Medicine Questionnaire (DSMQ). Extensive details of the NHANES
methodology are provided in the Supplemental Methods, Section 2.
For the purposes of our analysis, 4 survey cycles of NHANES (i.e.,
2003-2004, 2005-2006, 2011-2012, and 2013-2014) were examined
where relevant demographic, dietary, and nutritional biomarker data
were available: NHANES 2003-2006 and 2011-2014 data sets were
created. For our primary analytic sample, 9954 US adults (>19 years)
who participated in the 2011-2014 NHANES, had at least one 24HR
and a complete DSMQ, and were not pregnant or lactating, were
utilized. Select nutritional biomarker (i.e., serum retinol, beta-carotene,
vitamin C, and a-tocopherol) analyses were performed using NHANES
2003-2006; demographic, dietary, and biochemical data were collected
similarly to those of NHANES 2011-2014 (with the same exclusion
criteria applied), resulting in a secondary analytic sample of 8861 US
adults (>19 years).

For NHANES 2011-2014, DS users were identified based on
whether participants responded “yes” to taking any products containing
the nutrient of interest on the DSMQ or on 1 or more 24HR. Mean
(i.e., average) daily DS intakes were calculated using the proportion
of reported days of DS use over the past 30 days, multiplied by the
amount the participant reported taking per day, if DS intakes were
reported on the DSMQ. If DS intakes were not reported on the DSMQ
but were reported on 1 or more 24HR, then the mean nutrient intake
from supplemental sources reported on the 24HRs from day 1 and day
2 was used. For NHANES 2003-2006, only data from the DSMQ were
used to calculate DS intakes. Therefore, mean (i.e., average) daily DS
intakes for all NHANES 2003-2006 nutrient analyses were calculated
by 1) multiplying the number of reported days of DS use over the
past 30 days by the amount the participant reported taking per day;
and 2) standardizing the serving size reported on the product label
between units of measure to combine DS intakes across products for
each participant, as described for vitamins A and E in Supplemental
Methods, Section 2.

For all biomarker analyses in NHANES 2003-2006, including
serum concentrations of vitamins A (retinol, B carotene), C, E («
tocopherol), and D [serum 25(OH)D] in NHANES 2011-2014, trained
phlebotomists collected whole blood and serum samples in the Mobile
Examination Center. These samples were then analyzed in a designated
nutritional biomarker laboratory at the CDC. Further details describing
the laboratory methodology are available elsewhere (21), and additional
details pertaining to FNI and TNI component score correlations for
vitamins A, C, D, and E with nutritional biomarkers are listed in
Supplemental Table 1.

Statistical analysis
All analyses of NHANES data used statistical procedures that are
appropriate for the complex survey design. SEs for all statistics of
interest were approximated using Fay’s modified Balanced Repeated
Replication technique (22, 23). While a self-reported 24HR can provide
rich details about dietary intake on a given day, intake on a single
day, even if measured perfectly, does not represent usual (i.e., long-term
average) intake, nor does the mean of a small number of days for most
nutrients (24-26). The effects of random error in 24HRs, including day-
to-day variation, can be accounted for through the use of statistical
modeling (27-29). To estimate the distribution of TNI scores of usual
intakes, a multivariate extension of the National Cancer Institute (NCI)
Method that uses a Markov Chain Monte Carlo approach was applied
to NHANES data to model nutrient intakes from foods and beverages
for the nutrients included in the TNI (2, 30). The NCI method utilizes
a distribution of “pseudo-individuals” that are generated based on
estimated model parameters and the covariate distribution (i.e., sex, age,
DS use) of dietary data collected in the original study population. To
incorporate DS, we added the reported mean daily DS intake amount to
the predicted nutrient intakes from foods and beverages in the pseudo-
population step. Due to extreme values of reported daily DS intakes,
likely reflecting data errors, the DS values were Winsorized; that is,
reports above the 98th percentile or below the second percentile were
set to the next lowest (98th percentile) or highest (second percentile)
value, respectively, to reduce their influence on the total usual intake
distributions (10, 31). For each pseudo-person, a ratio of the total usual
micronutrient intake to the corresponding age- and sex-specific RDA
(if available) or AI (if an RDA was unavailable) was computed and
multiplied by 100 for each TNI component, truncated at 100 when
necessary. The mean of the component scores comprised the TNI total
score, with each micronutrient weighted equally. Estimated population
means and percentiles from the first to the 99™ percentiles of usual
TNI total and components scores were then derived for the pseudo-
population. Distributions of FNI scores were computed in an identical
fashion without the incorporation of DS information, and therefore
reflect usual intakes from foods and beverages alone relative to the RDA
or AL

Estimated mean FNI and TNI scores and distributions were
compared between population subgroups with known differences in
nutrient intakes, including DS users and DS nonusers (6, 7), smokers
and nonsmokers (32, 33), and adults living in households with different
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TABLE 1 FNI component and total scores for USDA, DASH, Harvard, and AHA Exemplary Menus'

FNI Component RDA/AI Maximum FNI Score USDA? DASH? Harvard? AHA3
Total energy, kcal/d — — 2030 1980 1962 2002
Men > 70 years
Calcium, mg 1200 100.0 100.0 100.0 52.5 100.0
Magnesium, mg 420 100.0 100.0 100.0 100.0 100.0
Potassium, mg 3400 100.0 100.0 100.0 100.0 100.0
Choline, mg 550* 100.0 703 67.1 773 714
Vitamin A, g 900 100.0 100.0 100.0 100.0 914
Vitamin C, mg P 100.0 100.0 100.0 100.0 100.0
Vitamin D, ug 20 100.0 52.0 41.6 48.9 26.5
Vitamin E, mg 15 100.0 86.3 100.0 100.0 100.0
FNI Total Score — 100.0 88.6 86.6 84.8 86.2
Women 31-50 years
Calcium, mg 1000 100.0 100.0 100.0 63.0 100.0
Magnesium, mg 320 100.0 100.0 100.0 100.0 100.0
Potassium, mg 2600 100.0 100.0 100.0 100.0 100.0
Choline, mg 425" 100.0 91.0 86.8 100.0 924
Vitamin A, g 700 100.0 100.0 100.0 100.0 100.0
Vitamin C, mg 75 100.0 100.0 100.0 100.0 100.0
Vitamin D, g 15 100.0 69.3 55.4 65.2 354
Vitamin E, mg 15 100.0 86.3 100.0 100.0 100.0
FNI Total Score — 100.0 93.3 92.8 91.0 91.0

TExemplary menus for the USDA, DASH, Harvard, and AHA were scored using the RDA or Al to their estimated energy needs per day (i.e., 2000 kcal/day) when assumed to be
sedentary (men) or moderately active (women). Al, Adequate Intake; DASH, Dietary Approaches to Stop Hypertension; FNI, Food Nutrient Index; Harvard, Harvard Medical

School Healthy Eating Guide; USDA, USDA Food Patterns.
?Based on one 7-day 2000 kcal/day sample menu.
3Based on one 1-day 2000 kcal/day sample menu.

“4Indicates an Al rather than an RDA. An Al is used when insufficient scientific evidence is available to establish the RDA.

levels of food security (34). These means were calculated for each
stratum (i.e., separately) to eliminate any potential for correlation
between subgroups that could occur when using a joint modeling
approach. To determine differences in mean TNI and FNI scores,
population subgroups were compared using 2-group #-tests. This
same approach was used to model the mean and distributions for
men and women, and ceiling effects were examined by calculating
the proportion of the pseudo-population with a perfect score on
the TNL

Correlations between TNI and FNI component scores and HEI-
2015 component scores (35, 36) were examined. The HEI-2015 is a
density-based measure that encompasses 9 adequacy and 4 moderation
components (from foods and beverages only), evaluated for the
minimum standard. Additional details pertaining to the HEI-2015 are
available in Supplemental Methods, Section 3. Pearson correlations
were estimated after applying Box-Cox transformations to each TNI
and HEI component score, and differences between correlations for the
FNI and TNI were tested after applying the Fisher’s Z-transformation
(SEs of differences in Z-transformed correlations were estimated via
Balanced Repeated Replication and used to obtain P values for the
t-tests of the differences). Food and nutrient intakes of the HEI-2015
dietary components were modeled simultaneously with the FNI nutrient
intakes in a multivariate model as described above, and then HEI-2015
scores were calculated using the scoring described by Reedy et al. (36).
TNI vitamin D and calcium component scores were correlated with
the HEI-2015 dairy component score, and the TNI vitamin A and C
component scores were correlated with both the HEI-2015 total fruit
and total vegetable component scores.

Pearson correlation coefficients were also computed to evaluate the
relationships between the TNI and the FNI component scores and the
respective biomarker for each nutrient of interest (i.e., vitamins A, C,
D, and E) using the same procedure described above. In the present
analysis, correlation coefficients less than 0.3 were considered to be
low; those from 0.3 to 0.5 were considered to be moderate; and those
>0.5 were considered to be high (37). These cut points were determined
a priori. All statistical analyses were performed using SAS software
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(version 9.4; SAS Institute Inc.). Statistical significance was set at a P
value of <0.05.

Results

Exemplary menus

The USDA, Dietary Approaches to Stop Hypertension, Harvard,
and AHA exemplary menus received high scores on the FNI,
with scores ranging from 84.8 to 93.3 (Table 1). Scores for
middle-aged women (31-50 years; FNI scores, 91.0-93.3) were
similar to those of older men (>70 years; FNI scores, 84.8—
88.6). Among the FNI components, all 4 menus consistently
received the maximum scores for magnesium, potassium, and
vitamin C, but none scored perfectly for vitamin D (26.5-52.0)
or choline (67.1-77.3). While all menu plans were developed
for 2000 kcal/d, slight variations were observed for some plans
(range, 1962-2030 kcal/d), and some variation in FNI scores
may be in small part due to these differences in energy.

Nationally representative data among US adults
Groups with known differences in nutrient intake.

Mean TNI scores were significantly different (P < 0.001) for
DS users and nonusers (83.5 compared with 67.1, respectively),
for nonsmokers and smokers (76.8 compared with 70.3,
respectively), and by household food security status among
adults (food-secure and food-insecure adults; 76.6 compared
with 69.1, respectively; Figure 1). For the TNI component
scores, large differences were observed (i.e., 10 points or more)
for DS users and nonusers for calcium (10), magnesium (14),
and vitamins A (19), C (24), D (51.4), and E (17.9). Similar
noteworthy differences were found for vitamins A (10.8), C
(13.9), and D (12.6) among smokers and nonsmokers and for
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secure and food-insecure US adults. Estimated TNI component scores among US adults by (B) household food security status, (C) DS use, and

(D) smoking status. DS, Dietary Supplement; TNI, Total Nutrient Index.

vitamins A (10.1), D (13.2), and E (10) among adults with
different levels of household food security. Consistent with these
findings, DS users (71.8), nonsmokers (70.0), and adults from
food-secure households (69.9) also scored significantly higher
on the FNI when compared with their DS nonuser (66.1),
smoker (65.8), and food-insecure adult (64.9) counterparts
(Supplemental Table 2).

HEI-2015 correlations.

The TNI (r = 0.48) and FNI (r = 0.46) total scores
were moderately correlated with the HEI-2015 total score
(Table 2). The FNI component scores exhibited higher corre-
lations with HEI-2015 components compared with those of
the TNI, ranging from 0.41 to 0.63. Total fruits and vitamin
C exhibited the highest correlation at 0.63, followed by dairy
and vitamin D (r = 0.55), dairy and calcium (r = 0.48),
total vegetables and vitamin C (r = 0.43), total fruits and
vitamin A (r = 0.41), and, lastly, total vegetables and vitamin
A (r = 0.30). Correlations of TNI component scores with
HEI-2015 component scores ranged from low to moderate

(r =0.23 to r = 0.53), with the highest correlations observed
for total fruits and vitamin C (r = 0.53); dairy and calcium
(r = 0.44), total fruits and vitamin A (r = 0.38), total
vegetables and vitamin C (r = 0.38), total vegetables and
vitamin A (r = 0.29), and dairy and vitamin D (r = 0.23) all
subsequently followed. Differences in correlations between the
FNI and TNI component scores with the HEI-2015 components
scores were most notable for vitamins C (P < 0.001) and D
(P < 0.001).

Correlations with biomarker data.

Correlations of TNI component scores with the biomarkers for
retinol and beta-carotene (vitamin A; P < 0.001), vitamin C
(P < 0.001), vitamin D (P < 0.001), and vitamin E (P = 0.03)
were significantly higher than those observed for the FNI
(Table 3). Overall TNI correlations ranged from 0.12 for
vitamin E and «-tocopherol to 0.36 for vitamin D and
25(OH)D, with both vitamins A (r = 0.17 with serum retinol;
r = 0.21 with serum B-carotene) and C (r = 0.22 with serum
vitamin C) exhibiting low correlations with their respective
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TABLE 2 Estimated Pearson correlations of FNI and TNI total and component scores with HEI-2015 scores: NHANES 2011-2014

(n = 9954)"
HEI-2015 Total HEI-2015 Total HEI-2015 Total HEI-2015 Total HEI-2015 Total HEI-2015 Total
Dairy & Calcium  Dairy & Vitamin Fruit & Vitamin ~ Fruit & Vitamin C Vegetable & Vegetable &
HEI-2015 Score D Score A Score Score Vitamin A Score  Vitamin C Score
FNI, foods/beverages 0.46 0.48 0.55 0.41 0.63 0.30 0.43
TNI, foods/beverages + DS 0.48 0.44 0.23 0.38 0.53 0.29 0.38
Pvalue,2 FNIvs. TNI 0.016 <0.001 <0.001 0.041 <0.001 0.238 0.006

DS, dietary supplements; FNI, Food Nutrient Index; HEI, Healthy Eating Index; TNI, Total Nutrient Index.

2 Pvalues are for ttests of differences in Z-transformed correlations.

biomarkers. However, correlations were even lower (all r values
< 0.10) when DS were not included.

Evaluation of ceiling effects.

The estimated mean total TNI score was 76.1 among men and
75.2 among women in the United States, with approximately
0.9% of men and 2.7% of women reaching perfect total scores
(i.e., TNI score of 100; Supplemental Table 3). Among the
TNI components, less variation was observed, with 5 out of
8 nutrients in men (all except choline and vitamins D and E)
and 6 out of 8 nutrients in women (all except choline and
vitamin E) exceeding the 25% criterion established to evaluate
potential ceiling effects. The distribution of TNI total scores
across the percentiles ranged from 44.7 (first percentile) to 98.6
(99™ percentile) among men and from 45.4 (first percentile)
to 96.7 (99™ percentile) among women, and nearly all TNI
components had reached a perfect score (all except choline in
men) by the 95™ percentile. These patterns were also consistent
when evaluating the distributions of TNI total and component
scores by sex and age (Supplemental Table 4). The same index
from foods and beverages only, the FNI, resulted in a mean total
score of 69.0 out of 100. The distribution of FNI scores ranged
from 31.5 at the first percentile to 97.0 at the 99™ percentile
(Supplemental Table 5).

Discussion

The TNI is a useful tool to reflect population-level adherence
to nutrient standards of total usual intakes of underconsumed
micronutrients among US adults. We examined the validity
of the FNI and TNI using multiple approaches. First, the
FNI yielded high scores on exemplary menus developed to
meet healthy eating guidelines while achieving micronutrient
adequacy, supporting the construct validity of the FNI from
foods and beverages. However, for some nutrients it is
challenging to meet nutrient recommendations from foods
alone. Indeed, even with extensive food pattern modeling for

choline and vitamin D, achieving targets across most energy
levels in adults is unlikely (38). The Harvard menus had the
lowest scores for calcium and vitamin D because, by design,
they omit dairy foods that are rich sources of these nutrients.
Thus, perfect scores on exemplary menus are not expected
across all nutrients examined. Moreover, given differences in
DRI values by sex and life stage, we anticipated higher FNI
scores for middle-aged women when compared with older men
because older menhave higher RDAs or Als for all nutrients
examined, with the exception of vitamin E. The higher overall
scores obtained for the FNI by women indeed reflected this
underlying construct we intended to capture.

Adults classified as current smokers (39) and those who
are food insecure (34) not only have a lower prevalence of
use of DS, but also tend to have lower overall diet quality
when compared to nonsmokers and those with food security.
Adults living in households with food insecurity had lower
total TNI (8 points) and component scores for all nutrients
except calcium and choline. This is consistent with previous
work that found a significantly higher prevalence of the risk of
inadequacy, using the Estimated Average Requirement (EAR),
across most micronutrients but did not identify differential risks
for calcium or choline (34). Previous studies have documented
lower serum concentrations of several nutrients (folate, iron,
and vitamins A and E) among adults living in food-insecure
households when compared with those living in food-secure
households (40, 41), and have concluded that food insecurity
is associated with iron deficiency anemia in pregnant as well
as reproductive-aged women (42, 43), as well as many other
negative health outcomes, such as depression and risk of chronic
disease (44). Nutrient intakes from foods and beverages tend to
be higher in DS users than nonusers; the TNI and FNI were
consistent with these findings. The magnitude of differences in
the overall (~16 points) and component scores (range, 3-51
points) by DS use were particularly notable for most nutrients
examined, with the exceptions of potassium and choline, both
of which are not routinely found in DS. The ability of the
TNI to distinguish between population subgroups with known

TABLE 3 Estimated Pearson correlations of FNI and TNI component scores for vitamins A, C, D, and E with their respective
biomarkers: NHANES 2003-2006 (n = 8861) and 2011-2014 (n = 9954)"

Dietary Exposure Vitamin A Score?

Vitamin C Score? Vitamin D Score® Vitamin E Score?

Serum biomarker Retinol B-Carotene Vitamin C 25(0H)D a-Tocopherol
FNI, foods/beverages 0.09 0.10 0.07 0.04 0.01

TNI, foods/beverages + DS 0.17 0.21 0.22 0.36 0.12
Pvalue,* FNIvs. TNI <0.001 <0.001 <0.001 <0.001 0.031

DS, dietary supplements; FNI, Food Nutrient Index; TNI, Total Nutrient Index; 25(0H)D, 25-hydroxyvitamin D.

2NHANES 2003-2006 data were utilized for this analysis.
SNHANES 2011-2014 were utilized for this analysis.
4Pvalues are for t-tests of differences in Z-transformed correlations.
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differences in nutrient intake supports the construct validity of
the TNI and demonstrates that the measure performs equally
well in a variety of contexts (e.g., in population subgroups with
different nutrient intakes).

Our findings evaluating the relationship between the HEI-
2015 and the TNI demonstrated that the 2 indices are mod-
erately correlated. The HEI-2015 is a density-based measure
that encompasses both adequacy and moderation components,
evaluated for the minimum standard. In contrast, the TNI is
focused solely on intakes of underconsumed micronutrients.
Therefore, we expected these 2 related constructs—adherence
to the Dietary Guidelines for Americans and adherence to the
DRIs for underconsumed micronutrients—to be moderately
correlated, reflecting their overlapping but distinct purposes.
Combining the use of the TNI with other indices has the
potential to more fully capture multiple dimensions of dietary
exposures.

The correlations of nutrient component scores with con-
centration biomarkers of status or exposure were consistently
higher with the TNI than the FNI for all 4 nutrients examined
(vitamins A, C, D, and E), suggesting that the TNI exhibits a
stronger relationship with biochemical indicators of nutrient
intake when inclusive of DS. This is also consistent with findings
from previous studies that have shown that DS users tend have
to higher serum concentrations of nutritional biomarkers when
compared with DS nonusers (45-48).

The distributions of TNI and FNI total scores exhibited
a sufficient level of variation to detect meaningful differences
in scores among individuals in the population, meeting our
criterion for ceiling effects. The variation of TNI scores was
lower than that of FNI scores, reflecting the contribution that
DS make toward most nutrients examined in this analysis. We
established this arbitrary criterion of 25% a priori; however,
other disciplines have used a 15% definition for ceiling effects
(49, 50). Applying the TNI framework to other nutrients or
other population subgroups may result in different estimates of
ceiling effects.

Limitations and strengths

A number of caveats are associated with the validity approaches
employed in the present analysis. Self-reported dietary data are
prone to measurement error. The dietary data in NHANES are
collected by trained interviewers using the USDA’s automated
multiple-pass method, a research-based, multiple-pass approach
that employs 5 steps of recall designed to enhance complete
and accurate food recall and reduce the respondent burden.
However, little is known about the measurement error structure
of DS reporting, and it is likely to differ from that of foods and
beverages (10). Future work improving our understanding of
DS assessments and associated measurement errors is warranted
(10).

We chose to compare the TNI to nutritional biomarkers,
given that a measure of dietary intake should, theoretically, be
correlated with a measure of nutritional status in the body (51).
Recovery biomarkers only exist for energy, protein, sodium, and
potassium, substantially limiting the ability to obtain biomarker
estimates that are not prone to measurement error for other
nutrients (52, 53). Consequently, concentration biomarkers
were employed in this analysis, which reflect both exposure
dose and bioavailability and are subject to metabolic differ-
ences and/or personal characteristics. Correlation coefficients
estimated in this analysis were adjusted for random error in the
self-report dietary assessment by use of the NCI method, but
we were unable to adjust for random error in the biomarkers.

Correlation coefficients between error-prone measures may
reflect correlations of systematic errors or biases associated both
with misreporting of dietary intakes (e.g., obesity) and the use of
biomarkers to reflect dietary intake rather than nutrient status
[e.g.,25(OH)D levels are related to adiposity and sun exposure],
and not true intakes. With systematic error, the impact of these
errors is unpredictable, and could lead to higher or lower
estimated correlation coefficients.

Finally, in order for a novel index to be of utility, validation
studies are needed to assess how well the measure accurately
reflects its construct (i.e., construct validity) and how well
the test or measure performs against a criterion (i.e., criterion
validity) (12). In an ideal validation study, both construct
and criterion validity would be assessed using gold-standard
measures, which provide an exact estimate of the “true”
diet (e.g., usual micronutrient intake). However, in nutrition
research, truth is nearly impossible to obtain; at best, one can
use an unbiased tool, such as a recovery biomarker, to obtain
an estimate of truth plus random error.

A strength of this study is that a broad range of strategies
with several different comparison measures were employed to
fully assess the construct and criterion validity of the TNI. By
constructing the FNI in addition to the TNI, we were able
to isolate the contribution of including DS in total intakes
on adherence to the DRIs. Another strength is that we used
NHANES data in our evaluation of TNI, which is reflective of
the US adult population, suggesting broad applicability of the
TNI. The TNI was developed to reflect long-term usual intake;
applications of the TNI with the use of usual intake methods
for foods and beverages is recommended when using the TNI
scoring system.

Conclusions and future applications

Tools that can be used to more completely describe nutrient
exposures and how those relate to biomarkers of nutritional
status and health outcomes are greatly needed. This validation
study illustrates that the TNI is a useful tool for comprehen-
sively representing total nutrient exposures of underconsumed
micronutrients among the US adult population. While the same
index limited to dietary sources (i.e., FNI) can be applied in
applications where foods and beverages alone are of interest,
the preferred application of the TNI is to capture intake from
all sources.

Possible future applications of the TNI include testing
the effectiveness of a dietary intervention or serving as a
complementary index to food-based and dietary pattern—based
indices such as the HEIL Although the TNI was validated
for representing total nutrient exposures of 8 underconsumed
micronutrients among US adults, the TNI framework utilizes
the mean of equally weighted subscores and, therefore, could
easily be expanded to include different nutrients that are
appropriate for different populations. As the applications of
the TNI expand, additional efforts related to validation should
be considered to demonstrate its robust use for assessing
total intakes of underconsumed nutrients and examining the
roles of nutrients on health outcomes across a variety of
populations.
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