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A B S T R A C T

Background: Conventional dietary assessment methods are affected by measurement errors. We developed a smartphone-based 2-h recall (2hR)
methodology to reduce participant burden and memory-related bias.
Objective: Assessing the validity of the 2hR method against traditional 24-h recalls (24hRs) and objective biomarkers.
Methods: Dietary intake was assessed in 215 Dutch adults on 6 randomly selected nonconsecutive days (i.e., 3 2hR-days and 3 24hRs) during a 4-wk
period. Sixty-three participants provided 4 24-h urine samples, to assess urinary nitrogen and potassium concentrations.
Results: Intake estimates of energy (2052�503 kcal vs. 1976�483 kcal) and nutrients (e.g., protein: 78�23 g vs. 71�19 g; fat: 84�30 g vs. 79�26 g;
carbohydrates: 220�60 g vs. 216�60 g) were slightly higher with 2hR-days than with 24hRs. Comparing self-reported protein and potassium intake to
urinary nitrogen and potassium concentrations indicated a slightly higher accuracy of 2hR-days than 24hRs (protein: �14% vs. �18%; potassium: �11%
vs. �16%). Correlation coefficients between methods ranged from 0.41 to 0.75 for energy and macronutrients and from 0.41 to 0.62 for micronutrients.
Generally, regularly consumed food groups showed small differences in intake (<10%) and good correlations (>0.60). Intake of energy, nutrients, and
food groups showed similar reproducibility (intraclass correlation coefficient) for 2hR-days and 24hRs.
Conclusions: Comparing 2hR-days with 24hRs showed a relatively similar group-level bias for energy, most nutrients, and food groups. Differences were
mostly due to higher intake estimates by 2hR-days. Biomarker comparisons showed less underestimation by 2hR-days as compared with 24hRs, sug-
gesting that 2hR-days are a valid approach to assess the intake of energy, nutrients, and food groups.
This trial was registered at the Dutch Central Committee on Research Involving Human Subjects (CCMO) registry as ABR. No. NL69065.081.19.
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Introduction

Research on the role of nutrition in health and disease prevention
mostly relies on self-reported dietary intake data, i.e., 24-h recalls
(24hRs), food frequency questionnaires (FFQs), or food records.
Although these methods are the mainstay of dietary assessment, they
have several drawbacks [1,2]. FFQs and 24hRs are retrospective and
prone to memory-related bias. In contrast, food records are prospective
and prone to reactivity bias, i.e., a user may alter their food intake
because they are aware that they are observed or to simplify the
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Consumption Survey; EMA, ecological momentary assessment; ICC, Intraclass Correlation
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recording task. More importantly, irrespective of the method, the
researcher and participant burden is high [3].

The recent implementation of new technologies has resulted in the
development of multiple web- and smartphone-based dietary assess-
ment tools and substantially improved the quality of dietary assessment
(see Eldridge et al. [4] for an overview). Compared with conventional
methods, web-based tools have many advantages such as the integra-
tion of a fixed food consumption database. This facilitates automatic
coding of reported food items, which reduces measurement error, im-
proves accuracy, increases user-friendliness, lowers participant and
bolic rate; DIASS Study, DIetary ASSessment Study; DNFCS, Dutch National Food
Coefficients; K, potassium; N, nitrogen; PABA, para-aminobenzoic acid; PAL, physical
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researcher burden, and reduces costs [1,5]. Smartphone-based tools
(apps) can even further advance the field as they are perceived as easier
to complete, more flexible (i.e., no computer needed), and less
burdensome [6]. Moreover, apps have the major advantage of enabling
(near) real-time data collection [1,3,7]. This concept is widely used in
behavioral and social sciences, where it is referred to as ecological
momentary assessment (EMA); repeated real-time assessment of an
individual’s behavior in their own environment, where the ecological
aspect focuses on the individual’s “real-world” and the momentary
aspect on the individual’s current or very recent state [8].

Currently, all available research and commercial dietary assessment
apps are based on the food record approach, and are still prone to so-
cially desirable answers and reactivity bias [2,3]. Moreover, there are
only a limited number of fully automated (i.e., no manual coding) and
validated dietary assessment apps that are appropriate for use in
nutrition research. When validated, apps are validated only against
traditional self-report methods and not against objective measures such
as doubly labeled water or urinary recovery markers (i.e., nitrogen for
protein intake, potassium) [9–13].

To further improve the quality of dietary assessment, we recently
developed an innovative smartphone-based tool called “Traqq” as
described elsewhere [14]. In short, Traqq is a flexible dietary assess-
ment application (app; iOS/Android) that can be tailored to different
research questions, e.g., food list, portion size estimation, sampling
schemes. In contrast to existing apps, Traqq can be used as both a food
record and a recall method. Moreover, the recall module is flexible in
terms of recall/reporting period, which enables shorter reporting pe-
riods and thus offering the opportunity to deviate from traditional
24hRs to shorter recall periods (e.g., 2 or 4 h) according to the EMA
principle. This enables the collection of (near) real-time dietary intake
data, which reduces the reliance on memory, takes less time to com-
plete, and consequently should have a lower burden for the respondent,
thus increasing the accuracy of the reports.

In this study, we validated the accuracy of the collected dietary
intake data using the EMA principle. We compared the use of repeated,
consecutive 2hRs on one day for (near) real-time assessment of actual
food intake, i.e., energy, macro/micronutrients, and food groups, to
traditional 24hRs and urinary recovery biomarkers.

Methods

Participants
An extensive validation study, “The DIetary ASSessment (DIASS)

Study”, was conducted between June 2019 and May 2020 and included
215 participants who were 18–70 y of age. Participants were eligible
for participation if they were able to speak and read Dutch, in
possession of a smartphone with Internet plan, metabolically stable
(i.e., gained or lost �3 kg in the past 3 mo), and willing to maintain
their dietary habits for the duration of the study. The DIASS study had a
crossover design with 2 study periods: 1 study period focused on actual
intake (i.e., 2hR-days vs. 24hRs) and 1 on habitual intake (i.e., random
2hRs vs. FFQ). More details on the DIASS study can be found else-
where [15].

The present study describes the data of the actual study period
including participants who completed 3 2hR-days and 3 24hRs (n ¼
162; Supplemental Figure 1), and 4 24-h urine samples (n ¼ 65; sub-
sample). The DIASS study was approved by the ethics committee of
WageningenUniversity andResearch (ABRNo.:NL69065.081.19) and
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conducted according to the guidelines laid down in the Declaration of
Helsinki. Written informed consent was obtained from all the
participants.

Study design
Food intake was assessed on randomly selected nonconsecutive

days over a 4-wk study period. Participants completed 3 2hR-days and
3 24hRs (i.e., either web-based or interviewer administered). Recall
days were randomly selected and scheduled over the 4-wk study period
using the statistical analyses system (SAS) version 9.4 (SAS Institute
Inc), except when in combination with urine collections. Urine col-
lections were matched to the recall days (i.e., 2� to 2hR-day and 2� to
24hR-day), where recall days were randomly scheduled and then
preannounced to facilitate the 24-h urine collection on the recall days
(i.e., the days to be recalled). In the case of nonresponse, a new day was
randomly selected and scheduled.

Methods of dietary assessment

2-h recalls
The smartphone app Traqq was used for the 2hR-days. On 3 random

recall days, all participants (n ¼ 162, 100%) received an invitation to
report their food intake every 2 h. On average, participants received 8
consecutive 2hR invitations on a recall day, see Figure 1 for an example
scheme for a 2hR-day. Notifications were sent at the end of each 2-h
interval with a reporting window of 1 h (e.g., interval 06:00–08:00;
notification at 08:00; reporting deadline at 09:00). The morning after
the recording day, another invitation was sent to report on potential
nighttime food intake (e.g., nighttime interval 22:00–06:00; notifica-
tion at 08:00; reporting deadline at 09:00). The 2hR-day sampling
scheme was individualized based on the participant’s sleeping pattern,
as inquired via the baseline questionnaire, to minimize risk that par-
ticipants were disturbed while sleeping. To illustrate, if a participant
indicated to wake up at 09:00, the first notification was sent at 10:00
instead of 08:00. For all participants, no invitations were sent after
22:00. Participants report their food intake by clicking on the notifi-
cation or opening the app. Thereafter, the search screen opens and food
items can be selected from an extensive food list based on the Dutch
Food Composition Database [16]. Subsequently, participants are
prompted to report quantity and eating occasions, i.e., breakfast, lunch,
dinner, and snack. Quantity can be reported in household measures
(e.g., spoon, cup), standard portion sizes (e.g., small, large), or amount
in grams. Traqq also contains a “My Dishes” feature where participants
can enter all ingredients of a recipe and the amount consumed of the
dish, with yield and retention factors automatically being taken into
account. The “My Dishes” feature can also be used to create frequently
consumed product combinations (e.g., daily breakfast products), which
simplifies reporting these items and decreases (mis)calculation errors.

24-h recalls
Participants also completed 3 random nonconsecutive web-based

24hRs (n ¼ 128, 79%) or 3 random nonconsecutive interviewer-
administered 24hRs (n ¼ 34, 21%). Web-based 24hRs were adminis-
tered via Compl-eat, a self-administered web-based dietary 24hR-tool
developed by our department based on the automated multiple-pass
method, a 5-step method to assist the participant in recalling food
intake of the previous 24 h [17,18]. With this method, participants first
complete a quick list of consumed foods and subsequently provide



FIGURE 1. An example of a 2hR-day sampling scheme.
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detailed information about the type of foods, consumed quantities, and
eating occasions [19]. The reporting method in Compl-eat is similar to
the reporting method in Traqq. Foods are identified in a food list, and
portion sizes are reported in householdmeasures, standard portion sizes,
or in grams [17]. Additionally, Compl-eat contains a recipe module
similar to the “My Dishes” function of Traqq. Invitations for the
web-based 24hRs were sent via e-mail at 06:00 in the morning after the
recall day. The 24hR could be completed until midnight the same day.

The interviewer-administered 24hRs were administered via tele-
phone and conducted by trained dieticians using the multiple-pass
approach [19]. Methods of portion size estimation included household
measures, standard portions, or in grams. The inter-viewer-administered
24hRs were coded by the trained dietician and entered in Compl-eat
using the Dutch Food Composition Database [16]. Although the
interviewer-administered 24hRs are seen to be the most accurate version
of the 24hR method and included to ensure the accuracy of Compl-eat,
no major differences in reported intake were found between results of
24hRs administered via Compl-eat and by telephone (unpublished re-
sults). Therefore, the reported intakes were combined in the current
analyses.
Computation of dietary intake data
Data from both 2hR-days and 24hRs were entered in the compu-

tation module of Compl-eat [17]. Total intakes of energy and nutrients
were calculated using the Dutch Food Composition Database [16].
Data were thoroughly checked by well-trained dieticians according to a
standardized protocol, particularly focusing on reported amounts.
Unusual amounts were corrected using standard portion sizes and
recipes (e.g., 35 slices of bread was corrected to 1 slice of 35 g).
Urine collection and biochemical analysis of nutritional
biomarkers

The urine collection (24h) was performed according to a stan-
dardized protocol. Participants received 3-L containers containing the
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preservative lithium dihydrogenphosphate (25 g), 3 100 mg para-
aminobenzoic acid (PABA) tablets (KAL Vitamins), and a question-
naire for each 24h-urine collection. Urine collection started with the
second voiding after waking up and was completed with the first
voiding after waking up the next day. To verify the completeness of the
24h-urine samples, participants were instructed to ingest 1 PABA tablet
with each main meal (i.e., breakfast, lunch, diner), and they were
informed that this process was to check the completeness of the
collection [20]. Simultaneously, participants were instructed to record
the beginning and end time of the 24h-urine collection, time of
ingestion of PABA tablets, and any possible deviations from the pro-
tocol (e.g., missed urine collection). Urine samples were handed in at
the study center where they were weighed, mixed, aliquoted into 5 mL
samples and stored at �80ºC until further analysis.

Urinary creatinine was used to assess the completeness of the urine
sample. Urinary creatinine concentrations were measured at 520 nm on
the Synchrony LX20 by the modified Jaff�e procedure using a com-
mercial kit. The 24h-urine collections were classified as complete if
they met all of the following criteria: 1) collection time of 22–26 h, 2)
sample volume � 500 mL, 3) no more than 1 reported missed void, 4)
estimated missed volume �5% of the total volume, and 5) creatinine
levels of >10 mg/kg for females and >15 mg/kg for males [21]. Of the
259 collected 24h-urine samples, 177 (68%) were classified as com-
plete; only complete samples were used for data analyses.

Urinary 24h-nitrogen (N) was used to estimate protein intake; 24h-
N excretion was determined by the Kjeldahl technique (Foss Kjel-
tecTM 2300 analyzer; Foss Analytical). Assuming that approximately
81% of N is excreted via 24h-urine (i.e., 19% fecal and skin losses),
and that protein contains 16% of N [22], dietary protein intake was
calculated with the following formula:

Protein (g/d) ¼ urinary N (mol/L) � volume 24h-urine (L) � 14 (g/mol)
� 6⋅25 / 0⋅81

Finally, the urinary potassium (K) concentration was used to assess
potassium intake. Urinary potassium was measured with an ion-
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selective electrode on a Roche 917 analyzer (Roche Diagnostics).
Assuming that approximately 77% of potassium is excreted via 24h-
urine, 24-h potassium intake was calculated with the following
formula:

K (mg/d) ¼ urinary K (mol/L) � volume 24h-urine (L) � 39 (g/mol)
� 1000 / 0.77

Other variables
General participant characteristics (i.e., age, gender, educational

level, daytime activities, sleeping pattern, intention to maintain current
body weight) were acquired using a questionnaire. Height was
measured without shoes using a stadiometer (SECA 213; SECO Corp.)
and weight was assessed without shoes, heavy clothing, and empty
pockets on a digital scale (SECA 877; SECA Corp.). BMI was
calculated as weight/height2.

Physical activity levels (PALs) were assessed over a 7-d period by
means of the ActiGraph wGT3X-BT (ActiGraph LLC). The ActiGraph
was not worn during showering, bathing, swimming, or contact sports
[23]. The accelerometer data were used to determine the participant’s
percentage of time spent in sedentary, light, moderate, vigorous, and
very vigorous activity using the Troiano algorithm [24]. The daytime
activity percentages were multiplied with the corresponding PAL ac-
cording to the guidelines set by the WHO. The WHO guidelines
describe a mean PAL, based on factorial calculations of the time spent
on activities during the day and the energy cost of those activities (i.e.,
sedentary: 1.4, light activity: 1.55, moderate: 1.7, vigorous: 1.8, very
vigorous: 2.2) [25]. This resulted in an individual PAL for each
participant.

At the end of the study period, participants were asked to indicate
which dietary assessment method they preferred (i.e., 2hR-days or
24hRs).

Measurement error models
Measurement error models were used to compare the results of

2hR-day assessment with 24hRs and urinary recovery biomarkers
(i.e., protein and potassium). Dietary intakes estimated with multiple
24hRs as well as protein and potassium intakes estimated from uri-
nary analysis were assumed to be the best method to approximate true
intake [26]. Our measurement error model assumed a linear rela-
tionship between the 2hR-days, 24hRs, and the true (unknown)
intake. For the 2hR-days and the 24hRs (when not used as reference
measurement), intake-related bias, person-specific bias, and a constant
bias were assumed. Reference measurements were assumed to be an
unbiased measurement. To evaluate the comparability of the 2hR-days
and 24hR days with the biomarkers as the reference method, the
following measurement error models were used:

Reference method X ðBiomarkerÞ : Xij ¼ Ti þ ΔTij þ εXij (1)

2hR days or 24hRs ðRÞ: Rij ¼ αR þ βR
�
Ti þ ΔTij

�þ wRi þ εRij (2)

where i is the person, j the occasion, α the constant bias, and β the
proportional scaling bias (i.e., intake-related bias). The average
(habitual) true intake of person i is Ti, whereas the true intake on day j is
given by Ti þ ΔTij. The person-specific bias of the method is given by
wRi and the random error by εRij. Ti;ΔTij, wRi, and εRij are each assumed
to follow mutually independent normal distribution with variance varT ;
varΔT ;varwXi, and varεXij. respectively. In this model, the assumptions
of negligible error correlation between the reference method and the
2hR-days, and between replicates of the reference method (within the
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same person), and the absence of proportional scaling bias in the
reference method (βX ¼ 1) were made to enable the estimation of the
model parameters. Note that the assumption of unbiasedness of the
reference method is probably not satisfied when using 24hRs as the
reference method, but it is reasonable for urinary nitrogen and potassium
[27,28]. To evaluate the 2hR-days with the 24hRs as the reference
method, we used the same model but without ΔTij as 2hR and 24hR
measurements took place on different days.
Statistical analysis
Results are presented as means with standard deviations (mean �

SD) and frequencies with percentages (n (%)). Under- and over-
reporters were identified and excluded based on the Goldberg cutoffs
for both methods (n ¼ 16; all underreporters). Participants were
identified as dietary under- or overreporters if their ratio of average
daily total energy intake to basal metabolic rate (EI:BMR) fell outside
an individualized cutoff. BMR was calculated using the Harris and
Benedict equation, taking into account gender, age, weight, and height
[29]. Individual cutoffs were estimated using the method recommended
by Black [30]. For this, the PAL as determined by the accelerometer
was used.

To evaluate the 2hR-days against the 24hRs for intake of energy,
nutrients, and food groups, multiple analyses were performed [31].
First, absolute intake differences between methods were calculated and
expressed as group-level bias ((mean intake 2hR-days) / (mean intake
24hRs) � 100 – 100). A group-level bias of �10% was classified as
acceptable (i.e., indication of a relatively similar mean intake) [31].
Second, absolute differences between the 2hR-days and the 24hRs
were evaluated using paired t-tests. Third, the Spearman correlation
coefficients were calculated to assess the strength and direction of the
association between the methods. Correlation coefficients of <0.20
were classified as poor, 0.20–0.49 as acceptable, and �0.50 as good
[31]. Mean � SD intakes of protein and K, assessed with both
2hR-days and 24hRs, were also compared against the matched
24h-urine samples. Again, group-level bias and paired t-tests were used
to evaluate absolute differences, Spearman correlations were calculated
to examine the association between the methods, and Bland–Altman
plots were created to examine the level of agreement.

Validity coefficients and attenuation factors were calculated using
the estimates of the measurement error models [32]. Validity co-
efficients were estimated to assess the ability of the 2hR-days to rank
participants according to their intake and assess the loss of statistical
power in the case of 2hR-days would be used to detect a diet–disease
association. Validity coefficients of <0.20 were classified as poor,
0.20–0.49 as acceptable, and �0.50 as good. Attenuation factors pro-
vide information about the extent to which diet–health associations are
affected by measurement error, e.g., using the 2hR data instead of true
intake. The provided attenuation factors can be used to correct for
measurement errors in future studies on diet–disease associations that
use 2hR-days to assess dietary intake. An attenuation factor closer to 1
means less attenuation (with 1 representing no attenuation at all). The
following equations were used:

Validity coefficient : ρXT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

β2XvarT
β2XvarT þ β2XvarΔT

�
k þ varεXij

�
k þ varwXi

s

(3)

Attenuation factor : λX ¼ ρ2XT
βX

(4)
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where varT is the variance of the habitual true intake, varεXij the
variance of the random within-person error, varwXi is the variance of
the person-specific bias, varΔT is the variance of the day-to-day
variation in true intake (not present when 24hR is the reference) and
k is the number of replicates of the 2hR-days (k¼3 for comparison with
24hR ; k¼1 for comparison with biomarker).

The reproducibility was evaluated using the intraclass correlation
coefficients (ICC) between the 3 2hR-days and between the 3 24hRs.

ICC :
Between� person variance

ðBetween� person variance þ Within� person varianceÞ (5)

All analyses were performed using IBM SPSS Statistics version
25.0 (SPSS Inc.) and SAS Software version 9.4 (SAS Institute Inc).

Results

Participant characteristics
Participants had a mean� SD age of 40.4�18.8 y, 73%were female

and 62% were highly educated. Overall, participants had a sedentary or
lightly active lifestyle, 73% had a healthy BMI (<25 kg/m2), and 71%
did not follow a diet regimen. The majority of the participants preferred
the use of 2hR-days over traditional 24hRs (87%) (Table 1).

Accuracy of energy and nutrients reported with 2hR-days
compared with 24hRs

Estimated mean intakes of energy and most nutrients were higher
with 2hR-days than with 24hRs, as supported by statistically significant
TABLE 1
General characteristics of the participants included in this validation study

Males
(39)

Females
(107)

Total
(146)

Mean age, y (SD) 46.8
(18.8)

38.1 (18.3) 40.4
(18.8)

The age category (n, (%))
<25 y 10 (26) 45 (42) 55 (38)
25–50 y 7 (18) 27 (25) 34 (23)
>50 y 22 (56) 35 (33) 57 (39)

Mean BMI, kg/m2 (SD) 24.8
(4.2)

23.2 (3.5) 23.6
(3.8)

BMI category (n, %)
<25 kg/m2 22 (57) 85 (79) 107 (73)
25.0–29.9 kg/m2 13 (33) 17 (16) 30 (21)
�30 kg/m2 4 (10) 5 (5) 9 (6)

Mean estimated BMR, kcal/d (SD)1 1780
(144)

1439 (127) 1530
(200)

Mean PAL (SD) 1.46
(0.02)

1.46 (0.01) 1.46
(0.01)

Educational level (n, (%))
Low (i.e., primary or lower education) 0 (0) 3 (3) 3 (2)
Intermediate (i.e., secondary or higher
vocational education)

16 (41) 37 (34) 53 (36)

High (i.e., college or university) 23 (59) 67 (63) 90 (62)
Diet regimen (n, (%))
Yes, always 3 (8) 22 (21) 25 (17)
Yes, sometimes 4 (10) 14 (13) 18 (12)
Never 32 (82) 71 (66) 103 (71)

Preferred method (n, (%))
2hR-days 35 (90) 91 (85) 126 (87)
24hRs 4 (10) 11 (10) 15 (10)
Not answered 0 (0) 5 (5) 5 (3)

1 Based on the Harris and Benedict equation, for males:
BMR¼(66.4730þ(13.7516*weight))þ(5.0033*height)�(6.7750*age), and
for females: BMR ¼ (655.0955þ(9.5634*weight))þ(1.8496*height)�
(4.6756*age) [29].
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paired t-tests, except for carbohydrates (en%), alcohol (en% and g),
β-carotene, and vitamin D (Table 2). Overall, differences between the
estimated intakes with 2hR-days and 24hRs were small (group-level
bias �10%). For macronutrients, only reported intakes of animal
protein (g) and alcohol (en% and g) had a group-level bias exceeding
10%. For micronutrients, group-level bias exceeded 10% for β-caro-
tene, riboflavin, vitamin B6, vitamin B12, and vitamin D.

Spearman correlation coefficients between 2hR-days and 24hR
were acceptable to good for energy and macronutrients, ranging from
0.41 for total protein (en%) to 0.75 for plant-based protein (g). Simi-
larly, for the micronutrients, correlations ranged between 0.41 for
β-carotene and 0.62 for potassium.

Validity coefficients for energy and macronutrients were all judged
as good (range 0.57–0.86). A similar trend was observed for micro-
nutrients except for vitamin B12 and vitamin D, which were acceptable
(0.33 and 0.41, respectively).

Attenuation factors for energy and macronutrients ranged between
0.20 for total protein (en%) and 0.47 for fiber. They varied somewhat
more for micronutrients, ranging from 0.04 for vitamin B12 to 0.42 for
β-carotene and potassium.
Accuracy of food groups reported with 2hR-days
compared with 24hRs

Statistically significant paired t-tests were found only for “alco-
holic beverages,” “grains and cereals,” “nonalcoholic beverages,”
and “nuts, seeds, and snacks” (Table 3). Group-level bias was
relatively small for “bread,” “cheese,” “dairy,” “eggs,” “fish,”
“fruit,” “meats and poultry,” “pastry, cake, and biscuits,” “potatoes,”
“sugar and confectionery,” and “vegetables.” Group-level bias was
large (>10%) for “composite dishes,” “nonalcoholic beverages,”
“nuts, seeds, and snacks,” “savory sandwich fillings,” and “vege-
tarian products,” where food intake estimates were higher with the
2hR-days than with 24hRs. In contrast, “alcoholic beverages,” “fats,
oils, and savory sauces,” “grains and cereals,” “legumes,” and
“soups” showed a large group-level bias but with higher food intakes
estimated with the 24hRs than with 2hR-days.

Accordingly, Spearman correlation coefficients between 2hR-days
and 24hRs varied across food groups as well with the majority being
higher than 0.52. Remaining food groups were classified being
acceptable, except for “composite dishes,” “fish,” and “soups” that
were classified as poor (0.16, 0.14, and 0.09, respectively).

In agreement, the validity coefficients and attenuation factors were
classified as good for most food groups. Validity coefficients for
“composite dishes’”(0.15) and “fish” (0.11) were low. Attenuation
factors ranged from 0.02 for “composite dishes” and “fish” to 0.54 for
“nonalcoholic beverages.”
Comparison of self-reported intake with urinary recovery
biomarkers

Compared with urinary recovery biomarkers, 2hR-days showed
slightly lower underestimation than 24hRs for both protein intake
(�13.7% vs. �17.9%) and potassium intake (�11.0% vs. �16.0%)
(Table 4).

For protein intake, the correlations between the self-report measures
and urinary nitrogen assessed on the same day were similar and clas-
sified as good (0.59 for 2hR-days vs. biomarker; 0.57 for 24hRs vs.
biomarker). For potassium, a good correlation was found for 2hR-days
compared with urinary potassium (0.62), which was lower and
acceptable for 24hRs (0.45).



TABLE 2
Mean energy and nutrient intakes were assessed by 3 2hR-days and 3 24hRs with corresponding group-level bias, paired t-tests, Spearman correlation coefficients
between the 2hR-days and 24hRs, and validity coefficients and attenuation factors of the 2hR-days with the 24hRs as the reference method (n ¼ 146).

2hRs 24hRs Group-level bias
(%)1

P 2 Correlation coefficient 3

(95% CI)
Validity coefficient
(95% CI)

Attenuation factor
(95% CI)

Mean �
SD

Mean �
SD

Energy (kcal) 2052 �
503

1976 �
483

3.9 0.04 0.63 (0.50, 0.72) 0.72 (0.62, 0.83) 0.36 (0.28, 0.45)

Protein (en%) 16 � 3 15 � 3 4.6 <0.01 0.41 (0.26, 0.54) 0.69 (0.48, 0.89) 0.20 (0.13, 0.27)
Protein (g) 78 � 23 71 � 19 9.1 <0.001 0.62 (0.49, 0.72) 0.72 (0.61, 0.84) 0.29 (0.22, 0.36)
Plant-based proteins
(g)

36 � 11 34 � 11 3.7 0.04 0.75 (0.66, 0.82) 0.84 (0.79, 0.89) 0.44 (0.36, 0.53)

Animal protein (g) 42 � 21 37 � 17 14.4 <0.001 0.64 (0.53, 0.74) 0.75 (0.63, 0.86) 0.27 (0.20, 0.33)
Fat (en%) 35 � 7 35 � 6 2.0 0.17 0.45 (0.31, 0.58) 0.78 (0.61, 0.95) 0.31 (0.22, 0.39)
Fat (g) 84 � 30 79 � 26 6.5 0.03 0.54 (0.40, 0.65) 0.66 (0.52, 0.79) 0.29 (0.21, 0.37)
SFA (g) 30 � 12 29 � 11 4.9 0.12 0.65 (0.53, 0.74) 0.68 (0.54, 0.82) 0.28 (0.20, 0.36)
MUFA (g) 30 � 12 28 � 11 7.8 0.02 0.50 (0.36, 0.62) 0.78 (0.64, 0.91) 0.32 (0.24, 0.40)
PUFA (g) 16 � 7 15 � 6 6.4 0.09 0.45 (0.30, 0.57) 0.57 (0.41, 0.73) 0.22 (0.14, 0.30)

Cholesterol (mg) 202 � 113 194 � 108 4.3 0.35 0.54 (0.40, 0.65) 0.73 (0.64, 0.81) 0.26 (0.18, 0.33)
Carbohydrates (en%) 44 � 7 45 � 7 �1.8 0.09 0.66 (0.55, 0.75) 0.86 (0.81, 0.90) 0.42 (0.34, 0.51)
Carbohydrate (g) 220 � 60 216 � 60 1.6 0.31 0.70 (0.59, 0.78) 0.84 (0.80, 0.89) 0.46 (0.38, 0.54)
Mono/disaccharides
(g)

94 � 34 90 � 34 4.2 0.09 0.67 (0.55, 0.75) 0.78 (0.68, 0.88) 0.43 (0.34, 0.52)

Polysaccharides (g) 126 � 41 126 � 38 0.02 0.99 0.72 (0.62, 0.80) 0.83 (0.78, 0.88) 0.39 (0.31, 0.47)
Fiber (g) 24 � 7 23 � 7 0.1 0.95 0.66 (0.55, 0.75) 0.85 (0.77, 0.93) 0.47 (0.38, 0.55)
Alcohol (en%) 2.5 � 3.6 3.0 � 4.1 �17.3 <0.001 0.55 (0.41, 0.66) 0.76 (0.69, 0.83) 0.38 (0.29, 0.47)
Alcohol (g) 7 � 11 9 � 12 �15.7 0.12 0.54 (0.41, 0.65) 0.76 (0.68, 0.83) 0.35 (0.26, 0.45)
Ca (mg) 989 � 384 906 � 296 9.2 <0.01 0.56 (0.43, 0.67) 0.67 (0.53, 0.80) 0.23 (0.16, 0.29)
Fe (mg) 11 � 4 10 � 3 5.7 0.03 0.57 (0.44, 0.68) 0.65 (0.50, 0.79) 0.27 (0.19, 0.35)
K (mg) 3114 �

820
2994 �
778

4.0 0.03 0.62 (0.50, 0.72) 0.78 (0.68, 0.88) 0.42 (0.33, 0.50)

β-Carotene (μg) 2922 �
3582

3299 �
4470

�11.4 0.23 0.41 (0.26, 0.54) 0.73 (�1.03, 2.48) 0.42 (�0.27, 1.12)

Thiamin (mg) 0.97 �
0.32

0.92 �
0.28

5.3 0.07 0.48 (0.33, 0.60) 0.66 (0.55, 0.77) 0.18 (0.12, 0.24)

Riboflavin (mg) 1.39 �
0.49

1.25 �
0.41

10.7 <0.001 0.61 (0.48, 0.71) 0.75 (0.63, 0.86) 0.32 (0.24, 0.39)

Vitamin B6 (mg) 1.40 �
0.43

1.18 �
0.53

18.7 <0.001 0.47 (0.32, 0.59) 0.71 (0.54, 0.87) 0.25 (0.17, 0.33)

Vitamin B12 (μg) 3.83 �
4.44

3.40 �
2.08

12.9 0.23 0.50 (0.36, 0.62) 0.33 (0.14, 0.53) 0.04 (0.01, 0.07)

Vitamin C (mg) 92 � 49 88 � 45 4.7 0.32 0.48 (0.34, 0.60) 0.66 (0.46, 0.89) 0.20 (0.13, 0.28)
Vitamin D (μg) 2.15 �

1.29
2.44 �
1.60

�11.9 0.04 0.45 (0.30, 0.57) 0.41 (0.20, 0.62) 0.16 (0.07, 0.26)

Vitamin E (mg) 12 � 5 12 � 4 3.5 0.28 0.42 (0.27, 0.55) 0.68 (0.50, 0.87) 0.25 (0.17, 0.33)
Folate (μg) 259 � 77 258 � 80 0.3 0.91 0.58 (0.45, 0.68) 0.74 (0.61, 0.87) 0.33 (0.24, 0.41)

1 Group-level bias ¼ (mean 2hR-days) / (mean 24hRs) � 100 � 100.
2 Paired t-test between mean intake assessed with 2hRs and 24hRs.
3 Spearman correlation between the mean of 3 2hR-days and 3 24hRs.
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Validity coefficients for protein intake (0.41 for 2hR-days vs.
biomarker; 0.44 for 24hRs vs. biomarker) were acceptable. For potas-
sium, a good validity coefficient was found for 2hR-days compared with
urinary potassium (0.54), and an acceptable correlation for 24hRs (0.49).

Attenuation factors were also relatively similar for both methods
(protein: 0.27 for 2hR-days vs. biomarker; 0.38 for 24hRs vs. biomarker,
and potassium: 0.52 for 2hR-days vs. biomarker; 0.55 for 24hRs).

The Bland–Altman plots showed relatively similar patterns when
comparing intakes of protein and potassium for both 2hR-days and
24hR against urinary biomarkers (Figure 2). The regression line of
differences was insignificant for both urinary protein comparisons
(2hR-days β ¼ 0.19, P ¼ 0.14; 24hRs β ¼ 0.01, P ¼ 0.91) and for the
urinary potassium and 24hR comparison (β ¼ �0.24, P ¼ 0.12),
whereas the regression line of differences for the comparison with 2hR-
days was significant (β ¼ �0.28, P ¼ 0.01). Yet, both urinary potas-
1283
sium comparisons showed a similar pattern and indicated that differ-
ences between the methods decreased, whereas the intake increased.

Reproducibility of the 2hR-days compared with the 24hRs
The ICC for repeated 2hR-days showed acceptable reproducibility

for energy and macronutrients (range 0.27–0.49), which is similar to the
reproducibility observed for the repeated 24hRs (range 0.21–0.51)
(Supplemental Table S1). For micronutrients, the variation in ICC was
larger, with acceptable-to-good reproducibility between 2hR-days,
except for vitamin B12 (0.04) and vitamin D (0.19). The 24hRs also
showed an acceptable reproducibility for all micronutrients (range 0.21-
0.46), except for β-Carotene that had a good reproducibility (0.80).

The reproducibility for food groups was similar for 2hR-days and
24hR (Supplemental Table S2), except for the group “fats, oils, and savory
sauces” (0.31 and 0.14, respectively), “grains and cereals” (0.33 and 0.18,



TABLE 3
Mean intake of food groups (g/d) was assessed by 3 2hR-days and 3 24hRs with corresponding group-level bias, paired t-tests, Spearman correlation coefficients
between the 2hR-days and 24hRs, and validity coefficients and attenuation factors of the 2hR-days with the 24hRs as the reference method (n ¼ 146).

2hRs 24hRs Group-level bias
(%)1

P 2 Correlation coefficient 3

(95% CI)
Validity coefficient
(95% CI)

Attenuation factor
(95% CI)

Mean �
SD

Mean �
SD

Alcoholic beverages 109� 177 141� 224 �22.8 <0.05 0.52 (0.38, 0.63) 0.67 (0.53, 0.80) 0.35 (0.25, 0.45)
Bread 120 � 60 122 � 60 �2.1 0.44 0.70 (0.59, 0.78) 0.83 (0.79, 0.88) 0.42 (0.33, 0.50)
Cheese 31 � 33 30 � 23 5.7 0.52 0.49 (0.34, 0.61) 0.66 (0.55, 0.77) 0.14 (0.09, 0.19)
Composite dishes 58 � 77 45 � 74 27.8 0.14 0.16 (�0.01, 0.32) 0.15 (�0.20, 0.51) 0.02 (�0.03, 0.06)
Dairy 248� 195 235� 173 5.4 0.24 0.75 (0.66, 0.82) 0.87 (0.83, 0.91) 0.45 (0.38, 0.53)
Eggs 17 � 22 17 � 22 0.8 0.95 0.36 (0.20, 0.49) 0.58 (0.45, 0.72) 0.14 (0.08, 0.21)
Fats, oils, and savory
sauces

28 � 24 32 � 30 �12.7 0.12 0.43 (0.29, 0.56) 0.55 (0.27, 0.83) 0.21 (0.10, 0.32)

Fish 15 � 28 14 � 29 8.8 0.71 0.14 (�0.03, 0.29) 0.11 (�0.16, 0.39) 0.02 (�0.03, 0.08)
Fruit 179� 136 173� 119 3.1 0.56 0.62 (0.50, 0.72) 0.80 (0.68, 0.92) 0.33 (0.25, 0.41)
Grains and cereals 58 � 58 71 � 65 �17.7 0.02 0.53 (0.39, 0.64) 0.72 (0.50, 0.94) 0.28 (0.18, 0.37)
Legumes 7 � 18 9 � 21 �29.6 0.18 0.21 (0.05, 0.37) 0.34 (�0.02, 0.70) 0.07 (�0.01, 0.15)
Meat and poultry 58 � 62 60 � 55 �4.1 0.60 0.62 (0.50, 0.72) 0.73 (0.57, 0.90) 0.25 (0.17, 0.32)
Nonalcoholic beverages 1670 �

788
1405 �
644

18.8 <0.001 0.77 (0.69, 0.84) 0.87 (0.81, 0.92) 0.54 (0.47, 0.61)

Nuts, seeds, and snacks 31 � 36 25 � 26 26.4 0.04 0.29 (0.13, 0.43) 0.49 (0.29, 0.69) 0.06 (0.02, 0.10)
Pastry, cake, and
biscuits

42 � 37 42 � 37 �0.1 0.99 0.53 (0.39, 0.64) 0.69 (0.59, 0.79) 0.22 (0.14, 0.29)

Potatoes 47 � 49 49 � 51 �3.4 0.74 0.26 (0.10, 0.41) 0.48 (0.30, 0.66) 0.08 (0.03, 0.14)
Savory sandwich
fillings

12 � 16 11 � 16 13.1 0.23 0.53 (0.40, 0.65) 0.69 (0.60, 0.78) 0.23 (0.16, 0.30)

Soups 31 � 61 43 � 77 �27.9 0.11 0.09 (�0.07, 0.25) 0.24 (�0.02, 0.50) 0.08 (�0.01, 0.16)
Sugar and confectionery 27 � 25 26 � 26 4.1 0.58 0.65 (0.53, 0.74) 0.77 (0.64, 0.90) 0.35 (0.26, 0.44)
Vegetables 175� 139 181� 126 �3.1 0.52 0.62 (0.49, 0.72) 0.84 (0.79, 0.89) 0.37 (0.29, 0.44)
Vegetarian products 32 � 61 29 � 58 13.3 0.27 0.58 (0.45, 0.68) 0.88 (0.84, 0.92) 0.49 (0.41, 0.57)

1 Group-level bias ¼ (mean 2hR-days) / (mean 24hRs) � 100 � 100.
2 Paired t-test between mean intake assessed with 2hRs and 24hRs.
3 Spearman correlation between the mean of 3 2hR-days and 3 24hRs.

TABLE 4
Self-reported intake of protein and potassium as compared with their urinary recovery biomarker, with corresponding group-level bias, paired-t-tests, Spearman
correlation coefficient, validity coefficients and attenuation factors of the 2hR-days or the 24hRs with the urinary recovery biomarker as the reference method.

Self-reported
intake

Urinary
biomarker

Group-level bias
(%)1

P 2 Correlation coefficient 3

(95% CI)
Validity coefficient
(95% CI)

Attenuation factor
(95% CI)

Mean � SD Mean � SD

Protein (g/d)
2hR-days (n ¼
87)

80.1 � 31.7 92.8 � 27.5 �13.7 <0.001 0.59 (0.42, 0.72) 0.41 (0.18, 0.63) 0.27 (0.09, 0.46)

24hRs (n ¼
75)

71.6 � 24.2 87.2 � 23.9 �17.9 <0.001 0.57 (0.37, 0.71) 0.44 (0.25, 0.62) 0.38 (0.17, 0.58)

Potassium (mg/d)
2hR-days (n ¼
87)

3429 � 1161 3852 � 1453 �11.0 <0.01 0.62 (0.46, 0.74) 0.54 (0.42, 0.67) 0.52 (0.32, 0.73)

24hRs (n ¼
75)

3060 � 1085 3645 � 1285 �16.0 <0.001 0.45 (0.24, 0.37) 0.49 (0.32, 0.66) 0.55 (0.26, 0.84)

1 Group-level bias ¼ (mean self-reported intake) / (mean biomarker) � 100 � 100.
2 Paired t-test between mean intake assessed with 2hRs and 24hRs.
3 Spearman correlation between individual measurements on the same day.
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respectively), and “vegetarian products” (0.53 and 0.48, respectively),
where the ICC was higher for the 2hR-days than for the 24hRs.

Discussion

We developed a new smartphone-based 2hR methodology by
combining traditional dietary assessment approaches and EMA prin-
ciples with the assumption that 2hR time-windows are less sensitive to
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memory-related errors and less obtrusive than traditional approaches.
We showed that 2hR-days provide higher intake estimates for energy,
most nutrients, and most food groups compared with validated
24hRs. Validation against objective urinary biomarkers for protein and
potassium intake further substantiated these findings by showing that
2hR-days intake estimates were also more accurate, i.e., slightly closer
to the “true intake” than 24hRs intake estimates. Finally, most partic-
ipants preferred 2hR-days over traditional 24hRs.



FIGURE 2. Bland–Altman plots of the differences in intake estimated with the self-report measure and the biomarker, plotted against the mean of both methods
(g/d). Mean difference (solid line), 95% limits of agreement (1.96 � SD of mean difference; dashed line), and linear regression line (blue dashed line) are
included. Protein intake differences are plotted for (A) 2hR-days vs. biomarkers and (B) 24hRs vs. biomarker; potassium intake differences are plotted in (C)
2hR-days vs. biomarkers, and (D) 24hRs vs. biomarker.
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Our results showed low group-level bias for energy and most
macronutrients (�10%), except for animal protein and alcohol (14%–

17%). In terms of protein, the Dutch National Food Consumption
(DNFCS) data showed a mean animal protein intake of 51 g/d (95% CI:
51, 51 g/d) of the average Dutch population, which is closer to our
2hR-days (i.e., 42�21 g/d) than our 24hRs (37�17 g/d) estimates [33].
In addition, the total protein intake estimate by the 2hR-days was closer
to the total protein intake estimate based on urinary nitrogen excretion
than 24hRs (�14% vs. �18%, respectively) and had smaller limits of
agreement; this suggests that 2hR-days may provide a more precise and
accurate estimate of protein intake than 24hRs. In terms of alcohol,
DNFCS data showed a 11 g/d (95% CI: 10, 12 g/d) mean intake esti-
mate, which is close to our 24hR estimate (9�12g/d) but higher than
our 2hR-day intake estimate (7�11 g/d) [33]. Accordingly, a similar
difference between 2hR-days and 24hR was observed for the food
group “alcoholic beverages” (109 g/d vs. 141 g/d). As it is well known
that alcohol consumption varies highly across days [34], it is difficult to
determine the exact origin and direction of this difference between
2hR-days and 24hR [35]. A possible explanation could be the short
reporting deadline of the nighttime recall (i.e., 1 h), which is easily
missed after a late night (e.g., a party). In contrast, a 24hR remains open
for an entire day, giving participants more time to respond after a night
out. However, this is an assumption and more research is needed to
determine an optimal sampling scheme to ensure that we capture
episodically consumed foods such as alcoholic beverages.

Differences in absolute micronutrient intakes were relatively small;
only β-carotene, riboflavin, vitamin B6, vitamin B12, and vitamin D
group-level bias slightly exceeded 10%. For vitamin B12 and vitamin
D, the ICCs showed a larger variation in the reported intake between
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the 2hR-days (0.04 and 0.19, respectively) and 24hRs (0.26 and 0.25,
respectively). Therefore, these differences could be caused by day-to-
day variation in, for instance, reported “fish,” and do not necessarily
imply that a method performs badly. In terms of correlations (range
0.41–0.61), results are well within the acceptable range suggested by
Willet and colleagues (0.4–0.7) [34].

Group-level bias was low for the majority of regularly consumed
food groups (�5 d/wk according to the DNFCS), i.e., “bread,”
“dairy,” “fruit,” “meats and poultry,” and “vegetables” [33], sug-
gesting at least similar accuracy for 2hR-days and 24hRs [4,17],
which is further underlined by good correlations for these food
groups (�0.6). Larger differences were observed for regularly
consumed food groups “fats, oils, and savory sauces,” “grains and
cereals,” and “nonalcoholic beverages.” Intake estimates were lower
for “fats, oils, and savory sauces” and “grains and cereals” with
2hR-days than 24hRs, yet the ICCs were higher for the 2hR-days,
where higher ICCs suggest better recollection and thus reporting
with shorter recall periods. In contrast, intake estimates for nonal-
coholic beverages were higher for 2hR-days than 24hRs, which may
be explained by the fact that nonalcoholic beverages are often
consumed throughout the day, not always linked to specific eating
occasions, and thus more difficult to recall with a 24hRs than 2hRs.

The results of the attenuation factors for nutrients and food groups
were in line with the correlation coefficients, with an attenuation factor
of 0.54 for “nonalcoholic beverages” being the highest. Relatively
similar attenuation factors were observed for protein (2hR-days: 0.27
vs. 24hR: 0.38) and potassium (2hR-days: 0.52 vs. 24hRs: 0.55), with
the urinary biomarker as reference. To illustrate, Freedman and col-
leagues observed a similar range of attenuation factors for protein in
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their biomarker analyses (0.14–0.54) [36]). The attenuation factors for
self-reported protein and potassium intake (i.e., using the 24hRs as the
reference method) were 0.29 and 0.42, respectively. Although attenu-
ation factors for self-reported protein are similar to the biomarker
comparisons, larger differences are seen for self-reported potassium,
this is possibly due to day-to-day variation.

As far as we know, Traqq is the first recall-based dietary assessment
app with a 2hR approach. However, there are several validation studies
of food record-based apps against 24hRs. Although validation studies
using objectivemarkers are lacking [37], evaluation studiesmostly show
lower intake estimates of energy andmacronutrients by food record apps
comparedwith 24hRs [9–12,38,39]. In contrast, our results showmostly
higher intake estimates of the 2hR approach, whichmay relate to the fact
that our approach minimizes reactivity bias while limiting
memory-related bias owing to the relatively short reporting window of
the recall method. Specifically, with the 2hR, participants register their
food intake every 2 h of the day and immediately send it to an external
server after which data are not visible to the participant. With regular
food records, food intake reports remain visible throughout the day,
which increases the likelihood of introducing reactivity bias. Finally,
these data may suggest that our smartphone-based 2hR approach is able
to provide a more accurate (near) real-time assessment of dietary intake
compared with food record-based apps.

Although the design of this validation study is well thoughtout,
there are still some methodological issues that warrant discussion.
First, we used a validated 24hR method as well as objective urinary
biomarkers as a reference method to validate the 2hR-day approach.
As both 2hR and 24hR rely on memory, the same food composition
tables, and similar portion size suggestions, differences in these data
may be inflated by correlated errors. However, validations of 2hR
data against urinary recovery biomarkers for protein and potassium
show similar trends and thus confirm the differences between 2hR
and 24hR. Second, the majority of our sample consisted of highly
educated females, which may have affected the generalizability of
the validation results. Therefore, additional validation with a more
diverse population may be needed. Nevertheless, considering that
2hRs have lower reliance on memory makes it a promising approach
for use in populations with decreasing cognitive abilities. The
strength of the current study is that we used multiple tests to assess
the validity of 2hR-days, which has been suggested as the most
optimal approach to assess the validity of a dietary assessment
method [31,35].

In conclusion, the comparison of 2hR-days with 24hRs showed
relatively similar group-level bias for energy, most nutrients, and food
groups. Differences between the 2 methods were mostly due to higher
intake estimates by 2hR-days, which was also the preferred method by
the majority of the participants. Finally, comparisons with biomarkers
showed less underestimation of protein and potassium intake by 2hR-
days compared with 24hRs, suggesting that using 2hR-days is a valid
approach to assess the intake of energy, nutrients, and food groups.
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