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Abstract: The Multiple Source Method (MSM) and the National Cancer Institute (NCI) method
are used to estimate usual dietary intake from short-term dietary assessment instruments, such as
24 hour dietary recall (24-HRs). However, their performance has not been validated in the Chinese
population via nutrition surveys. To validate the accuracy of the MSM and NCI method in estimating
usual dietary intake in the Chinese population, 752 individuals from northern and southern China
answered four seasons of seven consecutive 24-HRs (one for each season). The true usual dietary
intake was considered as the average of the 28 collection days of dietary component intake. Using
data sets with consecutive 3 collection days, the usual intakes of the selected dietary components were
estimated by MSM, NCI and the within-person mean of three 24-HRs (3 day method). These estimates
were compared with the true usual intake at the group and individual level. At the group level, the
MSM and NCI method performed similarly, yielding estimates closer to the true usual intake than
3 day method. The percentage differences of the estimates for dietary components not consumed
daily from the MSM and NCI method were larger than for the dietary components consumed daily.
However, the larger percentage differences were observed in the tail of the usual intake distribution.
In general, dietary components with larger variance ratios had greater percentage differences. At the
individual level, for overall seasons and dietary components, the biases of individual usual intake
did agree for MSM and NCI method, whereas NCI method estimates were closer to true intakes
than for the MSM and 3 day method. Similar results were observed in the relative biases of dietary
components consumed daily. As with the group level, there was less percentage difference in dietary
components consumed daily. Both the MSM and NCI method can be used to estimate usual intake in
Chinese populations and are closer to the true usual intake than the traditional mean method, at both
group and individual levels.
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1. Introduction

Usual dietary intake, defined as the average long term dietary intake of an individual,
is the exposure of interest when studying the relationship between chronic diseases and diet
and is a factor of evaluation when determining the prevalence of inadequate or excessive
dietary intakes [1]. There are many dietary assessment instruments such as 24 hour dietary
recall (24-HRs), weighed diet records and Food Frequency Questionnaires (FFQ) [2—4].
Because of its simplicity and relative accuracy, 24-HRs is a common method for many
large nutritional epidemiological surveys and nutritional status surveillances [5-7]. The
average of a sufficient number of 24-HRs is a similar estimation of usual dietary intake [8].
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However, because of the considerable effort and resources involved in conducting frequent
visits to households, multiple 24-HRs may be infeasible in large-scale epidemiological
studies [9]. Various statistical methods have been proposed to overcome this challenge by
using short-term repeated measurements to estimate usual intake (e.g., two 24-HRs) [10,11].
Despite the common principle of considering and removing the within-person variation of
intake from the total variation, these methods have different measurement error assump-
tions, mathematical and statistical methods, implementation complexities, and operating
platforms [12].

The Multiple Source Method (MSM) and National Cancer Institute (NCI) method are
widely used in many countries to estimate daily intake because they address additional
challenges. For instance, they allow the inclusion of covariates in the models to represent
the effect of personal characteristics and correlation between probability of consumption
and consumption-day amount [13,14]. In addition, there are studies that confirm their
validity and discuss limitations [10,12,15]. A simulation study showed that NCI and MSM
significantly improved the estimation of the tails of intake distribution when compared
to the traditional mean method, and they showed instability when applied to data with
large variance ratios or small samples [10]. However, previous studies on the performance
of NCI method and MSM have the following problems: first, the simulated data can not
completely replace the complex real intake data; second, the Chinese population is not
included in the data for validation; third, the data used for validation is mostly collected by
two non-consecutive 24-HRs, whereas, the three consecutive 24-HRs is often conducted to
collect dietary data in China, such as China Health and Nutrition Survey (CHNS) [16] and
China Adult Chronic Disease and Nutrition Surveillance (CACDNS) [17].

In this context, we aimed to validate and compare the NCI method and MSM for
estimating the usual intake of food, energy, and nutrients in Chinese adults through four
seasons of seven consecutive 24-HRs. To our knowledge, a comparison and validation
of methods for usual intake estimation among Chinese populations, for which nutrient
composition and dietary variability may differ from European and American populations,
has not been previously reported in the literature.

2. Materials and Methods
2.1. Study Design and Participants

In the study, a representative province from each of the north and south of China was
selected. An urban survey site and a rural survey site were selected from each province, and
99 male and 99 female participants were recruited from each survey site. Survey sites were
selected based on the level and experience of investigators assigned to the sites, and those
who participated in the China Adult Chronic Disease and Nutrition Surveillance in 2015
(CACDNS 2015). Objective sampling was used to recruit participants who were highly com-
pliant and could be surveyed repeatedly. Finally, 780 males and females aged 18-60 years
from four sites completed a total of twenty-eight 24-HRs, which were consecutive for
7 days (from Monday to Sunday) each season during December 2019 and December 2020.
Twenty-eight participants were excluded for completing less than twenty-three 24-HRs or
for reporting implausible energy intakes (outside the range of 600 to 4200 kcal per day for
men or 400 to 3500 kcal for women) [18,19].

This study protocol was approved by the Ethics Committee of Chinese Center for
Disease Control and Prevention (No. 201519-B), and all participants signed informed
consent prior to participating.

2.2. Data Collection and Measurements

A uniform set of questionnaires was designed to collect information on participants,
including socio-demographic information, health status, diet, and condiments used. The
questionnaires were collected by investigators in the household via face-to-face interviews,
including consecutive seven 24-HRs at an individual level, and looking for cooking oil
and condiments, weighing them at a household level (once a week). When conducting a
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repeated 24 hour dietary recall in four seasons, the same investigators interviewed the same
individuals. Investigators must have gone through the unified training organized by the
national project team and have passed the assessment before conducting on-site surveys.

2.3. Dietary Intake Assessment

Participants were asked to recall what they had eaten in the past 24 hours, and all
the information about food consumption of each day was recorded, including staple food,
side dishes, snacks, fruits, and beverages. The daily food, energy and nutrients intake per
person were calculated based on the Chinese Food Composition Tables [20]. In this study,
cooking oil and condiment intake were excluded because there was no daily replicate data.
The daily consumption of 15 dietary components was calculated, because they present
different distributions and scales, and are frequently assessed [21-24], including energy,
macronutrients (carbohydrate, protein and fat), cholesterol, minerals (calcium and iron),
vitamin (A, E and B2), and foods (rice, meats, eggs, vegetables, and beans).

2.4. Statistical Analysis

The true usual intake of nutrients and foods was defined as the average of more
than twenty-three 24-HRs for individuals. This was considered our reference standard for
usual intake for further validation and analyses [18]. Usual dietary component intake was
estimated by statistical models, using three consecutive 24-HRs, including two weekdays
and one weekend, for individuals. However, as each quarter had an eligible consecutive
three 24-HRs, the estimation using different collection seasons would be different. To
compare the effect caused by the season on the estimation, we estimated the usual intake
for each of the four seasons using MSM and NCI method at group and individual levels.
For comparison, the 3 day mean of the 24-HRs was calculated for each dietary component.
When the participant did not have 3 days of intake, the value of 1 or 2 days was used.

The NCI method, as its name implies, was proposed by the U.S. National Cancer
Institute [13]. It is a two-part mixed-effects regression model in which the first part estimates
the probability of consumption using logistic regression with an individual-specific random
effect, and the second part uses a mixed-effects linear model to estimate the number of
consumption days, which is then transformed to normality using a one-parameter BOX-
COX transformation with a person-specific random effect [19]. The first and second parts
are linked by allowing two individual-specific effects to be correlated and by including
common covariates in both parts of the model. For dietary components that are consumed
daily, only the second part of the model is used because the probability of consumption
is assumed to be 1. As recommended, we estimated the usual intake at a group level
through MIXTRAN and DISTRIB macro version 2.1 and at an individual level through
MIXTRAN and INDIVINT macro version 2.1, in SAS software [25]. Moreover, for dietary
components with a percentage of zero intake of less than 5%, we chose an amount-model,
otherwise we chose a correlation-model or uncorrelation-model, according to whether
there was correlation between the probability of consumption and the consumption-day
amount [26]. The macro and further details about the NCI method are available at http:
/ /riskfactor.cancer.gov/diet/usualintakes/ (accessed on 3 January 2022).

The MSM was developed for use in Europe and is available through an online in-
terface [14]. It is also a two-part model, including probability and consumption amount.
However, there are differences in the specific model fitting methods from NCI method.
For instance, the second model of MSM is a linear regression model, where the predicted
consumption and the corresponding model residuals are estimated with covariates, and
then the residuals of the linear regression model are transformed to normality by a two-
parameter BOX-COX transformation [27]. Additionally, for the MSM, distributions of the
usual intake at a group level are calculated directly from the distributions of the estimated
individual usual intake. Therefore, no additional procedures or steps are required to es-
timate the usual intake at an individual level. The default option of MSM assumes all
individuals as habitual consumers in the absence of FFQ data or other external consumption
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probability information. This setting is equivalent to the assumptions made by the NCI
method, so we used this setting to compare MSM and NCI. The MSM was accessed online
at http://msm.dife.de/ (accessed on 3 January 2022) to perform the analyses, and further
details can be accessed in another publication [14].

Descriptive statistics, including mean, standard deviation, coefficient of variation,
percentile distribution, and the percentage of zero intake were calculated for the 3 day,
NCI, MSM, and 28 day methods. For NCI method and MSM, we opted for running the
models by adjusting for covariates which were the most relevant determinants of dietary
intake, including sex, age, and weekend /weekday effect [28]. To determine the Spearman
correlation between the probability of consumption and consumption-day amount, we
calculated the probability of consumption for 28 days and the mean of consumption-
day amount for each dietary component. At the group level, the percentage of difference,
defined as the percentage of difference relative to the true usual intake between the estimate
and truth, was calculated to compare the estimates of each method. Furthermore, to
eliminate seasonal effects, we averaged the percentiles (ranging from 1st to 99th) estimated
by three methods in four seasons to express the most expected estimates for this percentile
of intake. At an individual level, we calculated bias MAE for each method,

N
[ .t
MAE = 721:”13 d @
and the relative percent bias MAPE
ZN e;—t;
A
MAPE = % 2)

where ¢; is the estimated value of each method for the individual i, ¢; is the true value of
twenty-eight 24-HRs for the individual i, and N is the number of individuals in the study.

The software environments employed for estimating usual intake were SAS, to run the
NCI method, and Web, to automate the MSM method. The other analyses were performed
using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). All plots were constructed using
R version 4.1.2.

3. Results
3.1. Characteristics of Participants

The mean =+ standard deviation age of 752 participants included in the analysis was
39.9 £ 10.2 years and 50.3% were female. Fifty-two-point three percent and fifty-point four
percent of the sample were from Southern China and urban areas, respectively. Participants’
education level was categorized as ungraduated from primary school (1.6%), primary or
middle school (35.9%), and high school and above (62.5%). The percentages of households
with low (<20,000 RMB per year), middle (20,000-50,000 RMB per year), high (>50,000 RMB
per year), and unclear income were 1.2, 19.9, 37.1, and 41.8%, respectively. Two-point
four percent of participants were lean, whereas 47.6% were overweight or obese. Most
participants completed four seasons of a consecutive 7 days of dietary recalls (82.4%)
and the percentages of recalls completed from 23 to 27 were 0.9, 0.8, 1.5, 3.5, and 10.9%,
respectively. The completion rate of consecutive 3 days of recalls in four seasons was nearly
equal (97.1,97.5,97.1, and 97.2%).

3.2. Characteristics of True Intake (28 Day Mean Intake)

Table 1 presents the descriptive statistics of the true usual intake distributions of
15 dietary components, including energy, protein, fat, CHO, cholesterol, calcium, iron,
vitamin A, vitamin E, riboflavin, rice, eggs, beans, vegetables, and meats. The variation
of food intake was greater than for energy and most nutrients. The variance ratios for
cholesterol, vitamin A, vitamin E, eggs, and beans were all greater than three. For dietary
components not consumed daily, correlations between the probability of consumption and
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the consumption day amount were not observed for all of them, such as for cholesterol, rice,
and eggs.

Table 1. Descriptive statistics of dietary components from twenty-eight 24 hour recalls.

Dietary Means - SD % Percentile Percentage of .
Components eans &3 cv 5th 10th 25th 50th 75th 90th 95th VR Zero Intake
Energy (kcal) 1631.76 + 468.63 2872 102869 1121.70 133230 156252 188197 218179 245058 135 0.00 -
Protein (g) 68.48 + 22.07 32.23 40.19 4521 53.80 64.65 79.36 9401 10574 143 0.00 -
Fat (g) 38.86 + 16.87 43.42 15.46 19.35 26.04 37.15 48.69 59.78 69.16 198 0.00 -
CHO (g) 25291 + 93.94 3714  140.73 15493 18627  231.04 30047  383.04 43123 092 0.00 -
Cholesterol (g) 383.49 + 189.64 4945 11742 167.05 26638 36328 48374 60724  687.07  3.09 8.99 0.30
Calcium (mg) 439.03 + 181.43 4132 22935  263.68 32306 41232 51241 63956 74778  2.09 0.00 -
Tron (mg) 20.15 + 6.17 30.63 12.20 13.62 16.01 19.10 23.32 2751 31.01 244 0.00 -
Vitamin A(ugRAE) 424.09 + 211.53 49.88  198.04 23212 28846 37839  509.77  679.63 77451 426 0.07 -
Vitamin E (mg) 11.99 + 4.06 33.87 6.75 7.54 9.14 11.41 13.99 17.17 1939  3.62 0.00 -
Vitamin B2 (mg) 0.83 +0.26 31.58 0.49 0.55 0.67 0.81 0.96 111 1.24 1.76 0.00 -
Rice (g) 69.18 + 54.26 78.44 15.49 21.78 34.15 56.47 9063 12589  159.97 125 26.22 —-0.37
Eggs () 43.66 + 21.96 50.29 13.26 18.70 29.63 41.66 55.53 68.28 7843  3.94 41.82 0.12
Beans (g) 51.37 + 31.65 61.60 9.21 14.84 27.58 48.01 70.02 9229 10586  4.67 30.16 0.61*
Vegetables (g) 225.69 + 102.43 45.39 9564 11725 15159 20751 27814 34935 41625 233 3.98 -
Meats (g) 147.44 + 131.04 88.88 418 9.18 3780  120.87 22926 31397 38125 083 26.57 0.89 *

SD—Standard deviation; CV—Coefficient of variation; VR—Variance ratio; Percentage of zero intake—percentage
of the number of 24-HRs with zero intake relative to the total number of 24-HRs; *—Spearman correlation between
probability of consumption and amount of consumption-day: p < 0.05; r—Spearman correlation coefficient.

3.3. Comparison for Intake at Group Level

Figure 1 shows the distributions based on true intake, estimated from NCI and MSM,
and the 3 day method. In most cases, NCI and MSM were better in representing the true
intake when compared with the 3 day method. Both NCI and MSM produced similar
distributions in four seasons, however, their distributions differed greatly for dietary
components not consumed daily. For example, the distribution of eggs usual intake
estimated by NCI was closer to the true distribution than for MSM.

Table 2 presents the mean and some percentiles of usual intake distributions for energy,
cholesterol, vitamin A, beans, and meats from the NCI method and MSM, as well as the
distribution of dietary components from the 3 day average intake and the percentage
difference when compared to the corresponding true intake. In general, the 90th percentile
of the 3 day method was larger than those of NCI and MSM, while the 10th percentile was
smaller than those of NCI and MSM, and the mean and median of the estimated for usual
intake agreed for the three methods. The mean and major percentiles of usual intake for
selected dietary components did agree for MSM and NCI method, whereas for meats, the
10th percentile of MSM was almost double that of NCI. Most dietary components, except
for fat, cholesterol, iron vitamin B2, beans, and vegetables, had seasonal trends, with a
decreasing trend from winter to autumn for some components, such as energy, protein,
CHO, calcium, vitamin E, rice, and meats, while vitamin A peaked in autumn, beans
peaked in summer, and the minimum of cholesterol, vitamin B2, and eggs were in winter.

In most cases, the 3 day method showed a larger percentage difference than the MSM
and NCI method for mean and percentiles, especially for the 10th and 90th percentiles.
The NCI method and MSM behaved similarly, yielding estimates close to the true value.
However, it is clear that both methods were less accurate for the estimation of the 10th and
90th percentiles across most dietary components. Over all seasons and dietary components
consumed daily, the ranges of the percentage differences for the mean, median, the 10th,
and 90th percentiles of the usual intake distribution estimated by MSM varied from —11.4
to 15.1%, —12.1 to 4.1%, —24.1 to 4.7%, and —18.7 to 12.4%, and the corresponding ranges
estimated by the NCI method were from —15.3 to 4.9%, —13.6 to 6.4%, —24.3 to 7.2%,
and —14.4 to 11.6%, respectively. For dietary components consumed daily, the percentage
difference of mean and percentiles between MSM and NCI was closer, while for dietary
components not consumed daily, except for rice, the percentage difference of the 10th
percentile estimated by NCI was smaller than for MSM. For example, the MSM estimated
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the percentage of 10th percentile difference for meats in the range of 57.52 to 119.61%, while
NCI estimated this in the range of —27.34 to 19.61%.
Method 3day [ | Msm [ | Na1 True

Calcium(mg) Winter Calcium(mg) Spring

N o

Calcium(mg) Autumn

Calcium(mg) Summer

density

\\\‘\
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Figure 1. Smoothed distribution curves from the 28 day method, 3 day method, MSM, and NCI based
on energy, vitamin A, and eggs. Smoothed distribution curves of all the dietary components evaluated
are available in Supplementary Material. 3 day = within-person mean of three 24 hour dietary recalls;
MSM = Multiple Source Method; NCI = National Cancer Institute; True = within-person mean of

density

twenty-eight 24-HRs.
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Table 2. The percentiles and mean of the estimated usual intake distributions for selected dietary components from the Multiple Source Method (MSM) and the

National Cancer Institute (NCI) method as well as the 3 day average intake.

Dietary Winter Spring Summer Autumn

Components Mean 10th 50th 90th Mean 10th 50th 90th Mean 10th 50th 90th Mean 10th 50th 90th
Energy (kcal)

3 day 1706.86 1018.78 1631.17 2522.07 1686.00 1021.55 1596.21 2442.64 1604.67 958.71 1523.27 2290.93 1548.06 968.68 1437.18 2232.40

MSM 1657.76 ~ 1055.86  1601.42  2365.20  1650.34  1065.66  1606.75 2311.27  1570.69 983.59 1504.74 219898  1519.31 1008.09  1439.81  2134.93

NCI 1654.59 1069.43 1598.12 2314.74 1645.94 1064.35 1595.87 2295.62 1566.16 995.06 1509.31 2213.90 1518.06 999.72 1469.31 2102.41
3 day (Diff%) 4.60 —9.18 4.39 15.60 3.32 —8.93 2.16 11.96 —1.66 —14.53 —2.51 5.00 -5.13 —13.64 —8.02 2.32
MSM (Diff%) 1.59 —5.87 2.49 8.41 1.14 —5.00 2.83 5.93 —3.74 —12.31 —3.70 0.79 —6.89 —10.13 —7.85 —2.15
NCI (Diff%) 1.40 —4.66 2.28 6.09 0.87 -5.11 213 5.22 —4.02 —11.29 —-3.41 1.47 —6.97 —10.87 —-5.97 —3.64

Cholesterol (mg)

3 day 373.25 68.69 340.67 669.87 399.79 100.15 352.06 713.71 385.71 107.96 361.26 683.42 388.63 120.12 352.90 692.27

MSM 362.71 117.18 351.76 612.40 389.47 130.92 360.12 650.03 373.07 141.94 366.08 598.38 378.42 157.21 368.19 615.76

NCI 360.28 147.26 337.57 602.74 386.59 157.20 363.42 644.91 372.53 174.71 358.91 588.87 378.93 179.00 361.82 601.18
3 day (Diff%) —2.67 —58.88 —6.22 10.31 425 —40.05 -3.09 17.53 0.58 —35.37 —0.56 12.55 1.34 —28.09 —2.86 14.00
MSM (Diff%) —5.42 —29.85 -3.17 0.85 1.56 —21.63 -0.87 7.05 —-2.72 —15.03 0.77 —1.46 —1.32 -5.89 1.35 1.40
NCI (Diff%) —6.05 —11.85 —7.08 —-0.74 0.81 —-5.90 0.04 6.20 —2.86 4.59 —1.20 -3.02 -1.19 7.15 —0.40 —1.00

Vitamin A (ugRAE)

3 day 447.06 141.17 353.31 810.93 438.82 151.01 328.13 824.68 373.91 136.50 301.82 672.43 460.76 152.21 360.83 849.18

MSM 426.33 207.37 389.98 692.78 421.00 208.79 365.43 679.43 360.08 176.11 332.64 552.62 441.40 220.58 396.09 713.24

NCI 426.15 211.00 389.22 687.24 416.32 197.08 376.81 684.42 359.03 175.70 326.77 581.95 443.95 213.73 402.01 725.85
3 day (Diff%) 5.42 —39.18 —6.63 19.32 3.47 —34.94 —13.28 21.34 —11.83 —41.19 —20.24 —1.06 8.65 —34.43 —4.64 24.95
MSM (Diff%) 0.53 —10.66 3.06 1.93 -0.73 —10.05 -3.43 —-0.03 —-15.09 —24.13 —-12.09 —18.69 4.08 —4.97 4.68 4.95
NCI (Diff%) 0.49 -9.10 2.86 1.12 —1.83 —15.10 —0.42 0.70 —15.34 —24.31 —13.64 —14.37 4.68 —-7.92 6.24 6.80

Beans (g)

3 dayg 48.37 0.00 35.19 113.60 54.54 0.00 37.85 126.60 57.16 0.00 40.26 130.80 47.11 1.78 35.97 108.48

MSM 47.31 8.22 40.60 94.77 55.56 11.16 48.40 106.77 59.93 10.17 52.79 117.62 47.64 11.39 42.71 86.99

NCI 46.96 7.10 37.43 97.39 53.12 13.07 45.94 100.93 56.18 11.80 46.69 111.03 46.37 12.05 40.36 87.51
3 day (Diff%) —5.84 —100.00 —26.70 23.09 6.17 —100.00 —21.16 37.18 11.27 —100.00 —16.14 41.73 —8.29 —88.01 —25.08 17.54
MSM (Diff%) —7.90 —44.61 —15.43 2.69 8.16 —24.80 0.81 15.69 16.66 —31.47 9.96 27.45 —7.26 —23.25 —11.04 —-5.74
NCI (Diff%) —8.58 —52.16 —22.04 5.53 341 —11.93 —4.31 9.36 9.36 —20.49 —2.75 20.31 —-9.73 —18.80 —15.93 —-5.18

Meats (g)

3 day 151.11 0.00 111.88 353.17 148.09 0.00 105.33 338.67 147.03 0.00 113.67 336.67 146.64 0.00 103.33 343.75

MSM 148.16 17.76 112.85 320.91 144.19 14.46 111.52 315.66 143.64 15.45 117.38 309.64 142.93 20.16 106.68 325.91

NCI 146.88 9.32 113.22 327.96 143.16 6.67 105.17 327.84 142.19 8.14 115.62 309.90 141.83 10.98 109.88 312.60
3 day (Diff%) 2.49 —100.00 —7.44 12.49 0.44 —100.00 —12.86 7.87 —0.28 —100.00 —5.96 7.23 —0.54 —100.00 —14.51 9.48
MSM (Diff%) 0.49 93.46 —6.64 221 —-2.20 57.52 —7.74 0.54 —2.58 68.30 —2.89 —1.38 -3.06 119.61 —-11.74 3.80
NCI (Diff%) —0.38 1.53 —6.33 4.46 —2.90 —27.34 —12.99 4.42 —3.56 —11.33 —4.34 —1.30 —3.80 19.61 —-9.09 —0.44

3 day—Within-person mean of three 24 hour dietary recalls; MSM—Multiple Source Method; NCI—National Cancer Institute method; CHO—Carbohydrate; RAE—Retinol activity
equivalent; Diff%—Percentage difference relative to 28 day method computed for means and percentiles (e.g., (NCI Mean-28 day Mean) x 100/28 day Mean); Percent differences and
intakes of all the dietary components evaluated are available in Supplementary Material.
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Figure 2 illustrates the bias of mean and percentiles, defined as the percentage differ-
ence relative to true intake (the 28 day method), for each of the methods. Except for the
mean and median, the 3 day method estimates had a much greater bias than other methods
in four seasons. There was no seasonal difference in the bias of MSM and NCI related to
vitamins, minerals, and vegetables. For energy and macronutrients, MSM and NCI pro-
duced estimates that were close to the truth, with less than a 10% bias for most percentiles
in winter and spring. However, for dietary components not consumed daily, there was less
bias of percentiles from MSM and NCI in autumn. Both NCI and MSM seemed to shrink the
intake distributions more than the 3 day method, resulting in underestimation of the low
percentiles and overestimation of the high percentiles. The closer the percentiles were to the
median, the less they were underestimated or overestimated. It was worthwhile to note that
for certain components such as energy, carbohydrates, rice, and vitamin E in summer and
autumn, this result was not appropriate, and their percentiles were always underestimated.

Method [ 3 day ] msm ] N

Energy(kcal) Winter Energy(kcal) Spring

20

10

Energy(kcal) Summer Energy(kcal) Autumn

Diff%

20

10

>
|
|

Beans(g) Winter Beans(g) Spring

40

20
0f m I m I

-20

Beans(g) Summer Beans(g) Autumn

40
20 I
0 ]In_'r ; .
-20
—40
—60
80

Mean 7P5 I’IO P25 P50 P75 P90 P95 Mean PS5 P10 P25 PS50 P75 P90 P95
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Figure 2. Percentage differences of mean and percentiles estimated from the 3 day method, MSM,
and NCI based on energy and beans. Percentage differences of all dietary components evaluated are
available in Supplementary Material. The solid line at zero represents no difference. 3 day = within-
person mean of three 24 hour dietary recalls; MSM = Multiple Source Method; NCI = National Cancer
Institute method; Diff% = percentage differences relative to the 28 day method.



Nutrients 2022, 14, 445

90of 16

To eliminate seasonal effects, we averaged the percentiles (ranging from 1st to 99th)
estimated by three methods in four seasons to express the most expected estimate for this
percentile of intake. In most cases, the MSM and NCI method behaved similarly, yielding
estimates with lower relative biases than the 3 day method. However, for cholesterol and
meats, the relative biases above the 25th percentile agreed for MSM and NCI, whereas the
relative biases below the 25th percentiles for MSM were twice as high than for the NCI
method. As shown in Figure 3, except for cholesterol, the relative biases from the 1st and
99th percentiles of NCI and MSM estimates for protein, iron, and vegetables were generally
consistent.

Method 3 day —MSM— NCI

Protein(g) Cholesterol(mg)
20
10
0 —
0 -20
—40}
10t
-0}
e —
X 20
= Iron(mg) Vegetables(g)
a 20
20
10 0
0 20}
-10f
-40}
-20
0 25 50 75 100 0 25 50 75 100

Figure 3. Percentage differences of the percentiles (from 1st to 99th) of estimated from the 3 day
method, MSM, and NCI based on protein, cholesterol, iron, and vegetables, after elimination of
seasonal effects. The dashed line at zero represents no difference. Percentage differences of all the
dietary components evaluated are available in Supplementary Material. 3 day = within-person mean
of three 24 hour dietary recalls; MSM = Multiple Source Method; NCI = National Cancer Institute
method; Diff% = percentage differences relative to the 28 day method.

3.4. Comparison for Intake at Individual Level

Table 3 shows that the bias estimated by NCI was the lowest for each dietary component
in each season, and that of MSM was the second lowest. Additionally, the relative bias of
NCI was also the lowest for dietary components consumed daily (except for cholesterol), and
MSM was also the second lowest. For beans and meats, however, the relative bias of the 3
day method was lower than for the MSM and NCI method. The relative biases of dietary
components consumed daily were smaller than those of dietary components not consumed
daily. The relative biases of dietary components with large variance ratios were smaller than
those of dietary components with small variance ratios. However, this situation only occurred
for dietary components consumed daily. For instance, the variance ratios of vitamin A, vitamin
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E, and calcium were 4.26, 3.62, and 2.09, respectively, and their relative biases estimated by
the NCI method were 25.31~33.82%, 18.6~24.14%, and 19.51~21.79%, respectively.

Figure 4 presents the precision of NCI for estimating individual intakes, including
extreme values; the estimations were better than those of MSM and 3 day method in four
seasons, and there was little difference in the precision between seasons. Although the
performance of NCI was better, the percentage errors of estimates for vitamin B2 and meats
from the MSM and NCI method were almost the same. The percentage differences of the
estimates for meats were greater than those of the estimates for vitamin B2. In addition, the
usual intakes of individuals with extreme intakes were usually overestimated, especially for
dietary components not consumed daily, such as meats. We calculated individuals based
on their 28 day average intake and calculated the relative bias for each segment separately,
and found that the overestimated individuals were mainly in the segment (below 25th
percentile) with low intake, while the relative bias for the other three segments were nearly
equal (data not shown).

Method E3 3day B MSM ES NCI

Vitamin B2 (mg)
130 . .
] .
. ) . ' °
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. . : 3 ° . .
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300 N < 3 s e : !
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Figure 4. Boxplot of percentage differences estimated by each method based on vitamin B2 and
meats for all individuals in four seasons. The percentage difference is the percentage difference error
between the estimated value and the true value relative to the true value. Boxplot of all the dietary
components evaluated are available in Supplementary Material. 3 day = within-person mean of three
24 hour dietary recalls; MSM = Multiple Source Method; NCI = National Cancer Institute method;
Diff% = percentage differences relative to the 28 day method.
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Table 3. The bias and relative bias of the usual intake at individual level estimated by the Multiple
Source Method (MSM) and National Cancer Institute (NCI) as well as the 3 day average intake for
selected dietary components.

Dietary Bias (Relative Bias%)
C Method . .
omponents Winter Spring Summer Autumn
3 day 281.29 (17.83)  237.18 (15.03)  239.73 (15.19)  250.72 (15.69)
Energy (kcal) MSM 247.13 (15.80) 207.66 (13.30) 211.97 (13.37)  223.59 (13.85)
NCI 226.33 (14.67) 186.86 (12.18)  191.08 (12.05)  205.09 (12.62)
3 day 12.84 (19.19) 12.1 (17.42) 11.25(16.87)  11.72 (17.27)
Protein (g) MSM 11.38 (17.07)  10.36 (15.26) 9.91 (14.79) 10.58 (15.44)
NCI 10.56 (15.98) 9.02 (13.70) 9.13 (13.63) 9.83 (14.27)
3 day 1198 (32.15)  10.01(26.70)  10.58 (27.81)  10.48 (27.65)
Fat (g) MSM 9.73 (27.58) 7.77 (21.23) 8.86 (23.87) 8.82 (23.96)
NCI 9.00 (27.12) 7.40 (21.58) 7.91 (22.61) 8.11 (23.21)
3 day 46.86 (19.46)  40.53 (16.89)  40.46 (16.66)  40.19 (16.40)
CHO (g) MSM 42.87 (17.95)  37.04(15.67)  37.41(1531)  37.56(15.13)
NCI 40.04 (17.05)  34.16 (14.87)  34.85(14.25)  35.71(14.27)
Cholesterol 3 day 131.80 (40.89)  129.06 (37.96) 116.56 (37.13)  124.61 (38.72)
(mg) MSM 108.15 (33.38)  105.36 (32.38)  96.31 (31.34)  103.59 (33.85)
& NCI 95.04 (32.31)  89.41(31.82)  88.75(32.34)  93.95 (35.49)
3 day 117.25 (27.00)  109.00 (24.54) 108.46 (25.59) 106.39 (24.49)
Calcium (mg) MSM 98.69 (23.39)  92.43(21.43)  92.37(21.55)  92.72(21.06)
NCI 90.19 (21.79)  80.91(19.51)  83.45(19.62)  85.67 (19.63)
3 day 4.62 (23.03) 4.78 (23.56) 4.30 (21.49) 4.34 (21.37)
Iron (mg) MSM 3.70 (18.78) 3.71 (18.76) 3.42 (17.19) 3.56 (17.52)
NCI 3.32(17.17) 3.23 (16.94) 3.02 (15.21) 3.29 (15.88)
Vitamin A 3 day 187.76 (43.29)  178.35(40.45) 161.82(37.93) 183.87 (43.54)
(LgRAE) MSM 135.73 (33.82)  124.80 (30.76)  122.92(28.39) 135.16 (33.44)
He NCI 120.41 (32.07)  106.36 (27.89)  110.96 (25.31) 121.73 (31.72)
Vitamin E 3 day 3.98 (33.61) 3.69 (30.49) 3.41(29.21) 3.39 (28.68)
(mg) MSM 2.99 (26.33) 2.66 (22.71) 2.59 (22.06) 2.45 (20.65)
J NCI 2.63 (24.14) 2.25(20.22) 2.32 (19.66) 2.23 (18.60)
Vitamin B2 3 day 0.17 (21.21) 0.16 (18.70) 0.15 (19.15) 0.16 (18.93)
(mg) MSM 0.15 (18.43) 0.13 (16.31) 0.14 (16.86) 0.14 (16.44)
NCI 0.14 (16.90) 0.12 (14.76) 0.12 (15.52) 0.12 (14.95)
3 day 29.13(54.36)  28.05(55.88)  23.75(45.46)  24.67 (45.36)
Rice (g) MSM 24.64 (47.07) 2417 (49.88)  20.51(38.76)  21.34 (38.93)
NCI 21.58 (47.01)  21.62(49.15)  19.26 (37.96)  20.54 (38.39)
3 day 20.65(56.49)  20.48 (55.29)  18.38 (51.38)  19.64 (54.38)
Eggs (g) MSM 14.71 (42.36)  14.81(44.49)  12.97(40.40)  14.57 (43.93)
NCI 12.61 (41.31)  12.33(46.87)  11.87 (44.10)  12.66 (45.80)
3 day 28.87 (64.04)  30.33 (70.06)  31.49 (69.63)  26.55(62.17)
Beans (g) MSM 22.14 (56.64)  23.72(69.07) 2517 (70.67)  19.82 (64.16)
NCI 21.01 (79.31)  22.07 (94.69)  23.70(96.72)  19.18 (77.23)
3 day 72.38 (34.45)  66.92(31.31)  66.37(31.57)  62.65 (29.55)
Vegetables (g) MSM 63.67 (30.77)  56.99 (27.05) = 58.49 (27.97)  54.54 (26.08)
NCI 57.31(30.07)  49.85(25.60)  52.36 (26.43)  49.24 (24.90)
3 day 49.37 (64.84)  49.36 (51.34)  46.65(55.43)  47.69 (53.01)
Meats (g) MSM 45.55(114.54) 4257 (102.01)  43.62(91.89)  45.18 (117.75)
NCI 44.63 (105.24)  40.19 (75.48)  43.08 (92.01)  45.14 (91.84)

3 day—Within-person mean of three 24 hour dietary recalls; MSM—Multiple Source Method; NCI—National Can-
cer Institute Method; Bias—Mean absolute error between estimated and true intake; Relative bias—Mean absolute
percentage error between estimated and true intake (relative bias was calculated after excluding individuals with
a true intake of zero); CHO—Carbohydrate; RAE—Retinol activity equivalent.
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4. Discussion

This study compared and validated two innovative statistical methods and traditional
mean method to estimate the usual intake of dietary components at population and in-
dividual levels from three consecutive 24-HRs in a sample of adults aged 18 to 60 years
living in China. In general, regardless of the levels, the MSM and NCI method provided
better estimates of usual dietary intake than the 3 day method. At population level, the
usual intake distribution using the MSM and NCI method were similar, except for some
situations. However, the NCI method seemed to perform better than the MSM at the
individual level.

The results show that the mean and median of intake estimated by each method were
approximately the same, which is consistent with the results of previous studies [13,14,29].
This is because the MSM and NCI method were designed to be consistent with estimates
using a single 24-HRs per individual. However, when we compared the percentiles at the
extremes of estimated intake, the values were significantly different. Similar to previous
analyses [29], there was a tendency for estimated intake, based on three methods, to be
lower than the true intake at percentiles below the 50th percentile and greater than the
true intake for percentiles above the median. There was also a tendency for the difference
between estimated intakes, based on the statistical method and the 28 day method, to be
larger than the difference between the 3 day method and the 28 day method. However,
different results were observed in a study that compared the distribution of usual food
intake with twenty 24-HRs: both the MSM and NCI method overestimated the percentiles
below the median, particularly up to about the 15th and 20th percentile [30]. We analyzed
that the above differences are caused by the differences in the original data, and if the
original data are smaller than the true values, then the estimates of the original data
corrected by the MSM and NCI method are also underestimated relative to the true values,
because both methods compress the tails of the distribution toward the mean. In practice,
we are more interested in the magnitude of the error of estimates relative to the true value,
rather than the direction of the error. As the difference between the estimated and true
values cannot visually reflect the magnitude of the error, we calculated the percentage of
difference relative to the true value to compare the performance of methods in different
cases. The percentage difference varied with seasons and dietary components, but there
was little variation between seasons and more variation between dietary compositions. For
example, for many dietary components consumed daily, the percentage differences were
within 10%, with higher variation in the lower percentiles. However, for vitamin A and
vegetables, the percentage differences were more than 20%, specifically up to about the 5th
and 10th percentiles. Similar patterns could be observed among the dietary components
not consumed daily.

Due to different seasons, the performance of the MSM and NCI method to estimate
usual intake cannot be directly compared; we instead calculated the mean of the percentiles
for four seasons to eliminate the effect of the season. Except for carbohydrates and fats,
we found the percentage differences of percentiles from 1st to 99th estimated by MSM
and NCI method to be approximately equal for dietary components consumed daily. For
carbohydrates, the NCI method had less percentage difference outside the quartiles than for
MSM, while the tail percentage difference of the distribution of fat estimated by MSM was
less than for that of the NCI method. Nevertheless, the difference between the MSM and
NCI method was very subtle, which was not the basis for choosing a certain method. For
items not consumed daily, there was a significant difference at the percentiles below 25th
percentile between MSM and NCI method, except for the beans and rice. This illustrates
that the estimates of the NCI method were closer to the true value than those of MSM. A
simulation study has observed that the NCI method provided larger bias in the distribution
of usual intake when variance ratio (ratio of within-person variation to between-person
variation) was more than nine [10].

In this study, however, the variance ratios of items were much less than nine, so we
speculated that this difference was related to the choice of model (correlated and uncorre-
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lated models) and the variability of the data. For cholesterol and eggs, the NCI method
used an uncorrelated model to estimate usual intake because there was no correlation
between the probability of consumption and the consumption-day amount, while MSM
used a correlated model to estimate usual intake because it only had one two-part model.
The concept of the correlated model is that the probability of consumption of a certain
component can affect the amount of that component consumed [13]. In other words, people
who eat meats tend to eat larger amounts when they eat them, but only if there is a positive
correlation. As the name suggests, the uncorrelated model does not consider the corre-
lation between consumption probabilities and consumption amount [29]. Therefore, the
usual intake estimated by MSM for cholesterol and eggs had more extreme higher values
than that by the NCI method. Since there were many zero intakes for low consumption
probabilities of cholesterol and eggs, the MSM had much larger percentage differences
than the NCI method at the low percentiles. When estimating the usual intake of dietary
components not consumed daily, hence, it is critical to determine the correlation between
the probabilities of consumption and the consumption-day amount. However, there is
lack of a standard method to test as to whether to run a correlated or uncorrelated two-
part model. Previous studies have included the following methods: First, run correlation
model and estimate the Fisher’ s transformation of the correlation coefficient parameter (p)
and its standard error (which is computed via balanced repeated replication or bootstrap
weights) to test the significance of the correlation coefficient between the probability of
consumption and the amount consumed [13]; second, it is clear from the available litera-
ture that consumers who regularly consume certain dietary components tend to consume
more nutrients or foods [31]; third, calculate the proportion of participants who reported
consumption on multiple 24-HRs and the median or mean of consumption-day amount.
Spearman correlation coefficients between the number of recalls and the daily consumption
is calculated [13].

For meats (CV = 89%), the MSM significantly overestimated the low percentiles, result-
ing in incredible percentage differences, which indicates that the NCI method had better
estimates than the MSM for the usual intake of components with high variability. When the
distribution of observed intake is extremely skewed, the BOX-COX transformation is not
sufficient to convert the observed intake distribution to an approximation normality, which
violates a key model assumption and leads to error estimates. Additionally, we found that
the degree of improvement of the estimates from the MSM and NCI method relative to the
original data was related to the variance ratio. The larger the variance ratio, the greater
the improvement because the principle of both methods is to estimate and eliminate the
within-person variance from the original data. For this reason, it is more important for
dietary components with large variance ratios to correct the original data by the MSM and
NCI method to obtain estimates of usual intake that are closer to the true values.

We did not compare the incidence of deficient or excessive foods or nutrients intake
among three methods in this study. Since the incidence of deficient or excessive intake was
determined by the proportion below the recommended minimum of intake or above the
recommended maximum intake, the shape and percentiles of distribution are critical for
determining the proportion of a population at risk for inadequacy or excess. Therefore, our
results could illustrate that the proportion of below or above recommended consumption
was more seriously overestimated or underestimated by using the 3 day method when
compared with the MSM and NCI method. Similar results can be observed in previous
studies [19,27,29]. Using the simple 3 day method to estimate usual intakes may lead to
erroneous conclusions about the severity of public health problems, such as inadequate or
excessive intake of certain key nutrients. Using the MSM or NCI method could lead to more
appropriate conclusions on dietary status, which could support the development of more
accurate public nutrition policies and population-specific nutrition intervention planning.

In general, the NCI method performed better in estimating the usual intake at an
individual level, regardless of seasons and dietary components. As can be seen from our
analysis, the mean bias of the NCI method, the range of bias, and the bias in the estimation
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of extreme values were less than those of the MSM and 3 day method. However, there
was little apparent difference between the MSM and NCI method. Similar results were
observed in a previous study that compared the MSM and NCI method in a large sample of
Hispanic/Latino children and adolescents aged 8 to 16 years living in the United States: the
usual intakes of individuals estimated by MSM and NCI are close, except when extreme
values are estimated [15]. Although the larger percentage differences occurred mainly in
individuals with lower intakes, the absolute difference between true values and estimates
from the MSM and NCI method was not significant, and we believe this difference may
not have a large impact on the evaluation of individual intakes. For dietary components
consumed almost daily, including energy, most nutrients, and vegetables, the relative bias
was mostly below 30%, and in some cases below 20%, while for cholesterol and foods with
low consumption probabilities, the relative bias became more salient. Previous studies
have shown that consumption frequency used as a covariate, such as FFQ information, has
little effect on results to estimate the usual intake distribution of a population, however, a
simulation study demonstrated that the frequency of consumption should be considered a
significant predictor when testing the relationship between individual dietary intakes and
health outcomes, effectively improving the accuracy of estimates [13,25,27]. In nutritional
epidemiology, accurate estimates of each individual’s usual dietary intake are a prerequisite
for determining the relationship between dietary intake and disease outcomes, and dietary
frequency information is important for accurate estimation. However, additional FFQ infor-
mation is not always available, in which case the MSM is a better option when compared
with NCI method, as it can set up additional settings without this information: First, an
external consumption probability value is specified to determine habitual consumption;
Second, the MSM assumes that 50% of those not consuming in the short-term measurement
are real habitual consumers.

Our study has several strengths. Firstly, this study identifies a gold standard for
usual intake, which was obtained from four seasons of seven consecutive 24-HRs in a real
population. Secondly, we validated and compared the performance of the MSM and NCI
method at the group and individual level. Finally, the validation data for this study were
from three consecutive 24-HRs, a commonly used dietary survey method in China, whereas
this type of data was not included in previous studies about the comparison and validation
of MSM and NCI method.

However, the study still has some limitations. The precision of usual intake estimated
by the MSM and NCI method were not compared in this study, so the stability of the
performance could not be estimated when the MSM and NCI were applied to different
types of data. Additionally, the comparison and validation of both methods for usual
intake estimation among child and adolescent population was not conducted in this study,
however, their nutrient composition and dietary variability may differ from adults. Finally,
because of the lack of FFQ information, we did not evaluate the performance of the NCI
and MSM in estimating usual intake for dietary components not consumed daily when the
frequency of consumption was included as a covariate in the statistical model.

5. Conclusions

In the Chinese adult population, both the MSM and NCI method can provide accept-
able estimates of usual intake using a consecutive 3 days of 24-HRs at both the group
and individual levels, and their estimates are more representative of usual intake when
compared with the traditional within-person mean of three 24-HRs. In general, both NCI
and MSM are interchangeable, however, the NCI method was recommended to estimate
the usual dietary intake in the following cases: First, for complex survey designs that must
include weights, such as CACDNS, the NCI method allows for the inclusion of survey
weights; Second, when there is no correlation between the frequency of consumption
and consumption-day amount, the more accurate the usual intakes of selected dietary
components that are estimated by the NCI method.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nu14030445/s1, Figure S1: Smoothed distribution curves from
28 day method, 3 day method, MSM and NCI based on all dietary components; Table S1: The
percentiles and mean of the estimated usual intake distributions for selected dietary components
from Multiple Source Method (MSM) and National Cancer Institute (NCI) method as well as the
3 day average intake; Figure S2: Percent differences of mean and percentiles estimated from the 3
day method, MSM and NCI based on all dietary components; Figure S3: Percent differences of the
percentiles (from 1st to 99th) of estimated from the 3 day method, MSM and NCI based on all the
dietary components after elimination of seasonal effects; Figure S4: Boxplot of percent differences
estimated by each method based on all dietary components for all individuals in four seasons. All
supplementary tables and figures had all selected dietary components.
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