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Abstract

Evidence suggests that compensatory behaviors operate in infants and preschool children, such that
the high variance characteristic of single eating occasions is much reduced over the day. However,
the concept has not been fully explored in adults. The present with-in subject, observational study
investigated short-term dietary compensation patterns in fifty, weight-stable, normal weight (n = 27),
overweight (n = 14), and obese (n = 9) free-living adults (11M, 39F; age 30 + 11 y; BMI 26.3 £ 5.9).
Twenty four-hour diet recalls were obtained for 7 consecutive days, by the multi-pass technique.
Each 24-h period was divided into 7 eating occasions. The coefficient of variation for energy intake
was calculated for each adult, for each eating occasion, and over each 24-h period. Sub-group
variability was assessed by BMI and frequency of consumption of sweetened energy-yielding
beverages. The mean coefficient of variation for energy intake for the 7 eating occasions was 110.5%,
compared to 28.9% for the day as a whole. Correlations between energy intakes at successive eating
events were uniformly negative. No significant differences were noted in the sub-group analyses.
Significantly greater variation in energy intake was noted for snacks compared to meals (P < 0.0001).
These data suggest that adults regulate energy intake over a 24-h period more closely than they do
at individual eating occasions, similar to the pattern previously observed in children. Further studies
of compensatory responses by larger sub-groups of individuals at risk for weight gain are warranted.
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Introduction

Maintenance of energy balance requires ongoing adjustments of energy intake to match energy
expenditure [1,2,3,4]. Whether the increasing incidence of overweight/obesity [5,6] is due to
increased energy intake [7-9] or declining energy expenditure [10,11] has not been established,
but it is clear that energy consumption has been exceeding energy expenditure. This fact raises
questions about the accuracy and precision of compensatory dietary behaviors in humans.
Ultimately, accuracy is of primary importance for energy balance while knowledge of precision
is vital for accurate measurement of intake. Evidence suggests that compensatory behaviors
operate in infants and preschool children, with the precision of intake regulation improving
over longer periods of time (i.e., the day versus a meal). However, the concept has not been
fully explored in adults.
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The concept of energy intake regulation in children emerged from observations in newly
weaned infants [12,13]. In the absence of adult influences, the infants (aged 6-11 mo) self-
selected foods over a period of months that supported growth and health, despite an erratic
meal-to-meal food intake pattern. Later, infants adjusted their formula intake in response to
modifications of energy density (ED) to maintain a constant energy intake [14].

Within the constraints of a fixed mealtime protocol, children (aged 3.5-5 y) revealed stronger
regulation of reported energy intake over a 24-h period, despite high variation in energy intake
at individual eating occasions [15]. The mean coefficient of variation (CV) for energy intake
at individual eating occasions was 33.6%. In contrast, the mean CV for total daily energy intake
was only 10.4%. Later, similar patterns of short-term energy intake regulation were observed
in free-living pre-school children [16]. The mean CV for energy intake for the six specified
eating occasions over the day was 95.4% (46.5-165.8%), while the mean CV for energy intake
for the full 24-h period was only 30.3%. Thus, similar to the previous study [15], the meal-to-
day proportion of variability was approximately 3 to 1.

Further research demonstrated that children aged 2—3 years maintained constant energy intakes
regardless of portion size while children aged 46 years consumed more energy as the portion
size increased [17]. This led to the suggestion that the mechanisms involved in energy intake
regulation become disordered after pre-school years, and that by adulthood, such mechanisms
are weak and imprecise [18-21]. Failure of adults to adjust food intake in response to variations
inthe ED of various preloads [22—-26] has been cited as providing further support for the concept
of imprecise regulation among adults.

Given the fundamental pre-requisite for weight gain is excess energy intake relative to energy
expenditure, overweight and obese states result from inaccurate intake regulation, which may
be exacerbated by poor precision [27]. While some studies have reported that obese adults
exhibit a poorer ability to compensate for covert manipulation of a food’s energy content than
lean counterparts [28,29], the differential finding has not been consistent [25,30,31].

The lack of overall consensus regarding the compensatory ability of adults may merely be
reflective of sampling over a short timeframe [32]. Studies using the preload paradigm
generally assess energy intake within meals or at the next meal only, thus failing to assess
energy compensation that may occur later. The short timeframe of preload studies may also
limit associative learning influences on energy intake regulation [33], thus, possibly leading
to erroneous conclusions from an intervention. Although lack of compensation, or imprecise
compensation, following a preload of energy is indicative of dysregulation of energy intake
within a meal, it cannot be assumed to be indicative of longer term dysregulation. Regulation
may act on a day-to-day basis (short-term regulation), by adjusting the total ingested over the
course of the entire day to the state of overall energy balance, or it may act over periods of
weeks or months (long-term regulation), by subtly altering a bias that operates persistently in
the face of powerful, but short-lived influences [34].

The present study aimed to examine patterns of energy intake regulation in free-living adults
over a consecutive 7-d period, to contrast responses to published data from children. We aimed
to explore this precision across BMI categories and level of sweetened energy-yielding
beverage (SEB) consumption, to identify possible differential patterns of regulation. We chose
to explore the relationship between SEB consumption and energy intake regulation due to the
concern that SEB consumption leads to weight gain [35]. It was hypothesized that normal
weight adults would regulate energy intake over a short-term period in a pattern similar to that
observed in children, but the degree of regulatory error would increase with BMI. Further, it
was expected that consumers of SEBs would have weaker compensation than non-consumers.
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Data were collected from 128 participants recruited through public advertisements. Eligibility
criteria included weight stable, male or female, 18-60 years of age, and in good health.
Exclusion criteria included smoker, pregnant, lactating, or use of medications reported to affect
appetite or body weight. The Institutional Review Board of Purdue University, IN approved
the study protocol, and informed consent was obtained from each participant. Participants were
informed that the aim of this activity was to better understand customary dietary behavior to
aid development and assessment of therapeutic diets. They were compensated monetarily for
their participation.

Anthropometrics

Height was measured (x 0.1 cm) on a wall-mounted stadiometer. Body weight was measured
(£ 0.1 kg) using calibrated scales and body composition by bioelectrical impedance (model
TBF-305; Tanita, Arlington Heights, IL), with participants wearing no shoes and a light gown
on Day 1. Participants were categorized as normal weight (BMI < 24.9 kg/m?), overweight
(BMI 25-29.9 kg/m?), or obese (BMI > 30.0 kg/m?) [36].

Eating Behavior

Each participant completed the Three-Factor Eating Questionnaire (TFEQ) on Day 1 [37]. This
scale measured cognitive dietary restraint (conscious intent to control food intake in an effort
to manage body weight), disinhibition (over consumption of food in response to cognitive or
emotional cues), and susceptibility to hunger (food intake in response to feelings and
perceptions of hunger).

Assessment of Hydration Status

Hydration status was assessed by measurement of urinary osmolality on two spot urine samples
collected on Day 1 and Day 7. Osmolality (mOsm/kg) was determined by freezing point
depression (Advanced™ OSMOMETER, Model 3D3, Advanced Instruments, Inc., Norwood,
MA). Participants classified as dehydrated (n = 6) (mean urinary osmolality > 1000 mOsm/
kg) were eliminated from the study sample, to exclude dehydration as a possible confounding
variable.

Habitual Dietary Intake

Data on habitual food and beverage intake (time, type, quantity, brand, etc.) were collected
daily for 7 consecutive days, starting on Tuesdays, by telephone-administered 24-h dietary
recalls, using multi-pass software (NDS-R; version 2005; Nutrition Coordinating Center,
University of Minnesota, Minneapolis). To aid recall and improve accuracy participants were
instructed to keep a food diary, recording intake at the time of ingestion, and were educated
on portion size estimation. The importance of reporting habitual dietary intake was emphasized.
Complete 7-d records of food and beverage intake was necessary for meaningful analyses.
Thus, participants with incomplete 7-d records were removed from the analytic sample (n =
40). However, these participants did not different significantly from the final sample with
respect to age, gender, or BMI.

To reduce the bias introduced by under-reporting [38], reported intakes were compared with
the estimated basal metabolic rate (BMRest) for each participant. BMR was estimated from
the participant’s weight after adjusting for age and sex [39]. Reported energy intake (El) data
were treated as 7-d records, with a pooled within-subject variation in EI (CVWEI) of 30%
[40]. The coefficient of variation in BMR predictions (CVwB) was taken as 8.5%, and mean
physical activity level (PAL) value as 1.55 [48]. The cutoff value for identifying low energy
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reporters (LER) was lower than 1.03 for a ratio of EI: BMRest. Thirty two participants (39%)
were identified as LERs and subsequently removed from the analysis. This level is comparable
to levels reported in the literature [41]. The LER group had a mean BMI 2 units higher than
the accurate energy reporters, but no differences were found with respect to age or gender.

Each 24-h dietary recall was divided into seven eating occasions (with the following labels
assigned only to facilitate discussion of the data): breakfast (06:00-09:29h), morning snack
(09:30-11:29h), lunch (11:30-14:59h), afternoon snack (15:00-16:59h), dinner (17:00-
20:29h), evening snack (20:30 — 23:59h), overnight (00:00 — 05:59h), as reported previously
[13]. When food was consumed more than once within a given eating occasion, energy values
for all food consumed within that occasion were summed. When no food was consumed,
reported energy intake for that eating occasion was marked as zero. Total daily energy intake
reported for each eating occasion and for each 24-h period was calculated for each of the 7
days.

Assessment of Variability in Energy Intake

The CV (standard deviation divided by the mean) was used as the index of intra-individual
variability in reported energy intake, as cited previously [15,16]. For each participant, the mean
CVsacross the 7 days for reported energy intake at each individual eating occasion (e.g., across
the 7 breakfast energy intakes) and for total daily energy intake reported across the 7-d period
were calculated. The mean CV of the 7 individual eating occasions (i.e., mean of breakfast,
morning snack, lunch, afternoon snack, dinner, evening snack, and overnight) was compared
with the observed mean CV over the 24-h period, using a paired sample t-test. Additionally,
evidence of self-regulation was determined by comparing the expected CV for each participant
with their observed CV for the 24-h period [16]. The expected CV was calculated as the square
root of the expected variance divided by the observed mean whole-day energy intake. Lack of
compensation is reflected as an expected variance equal to the sum of the observed variances
i.e. the expected variance of the total daily energy intake is equal to the sum of the observed
variances of the energy intakes at each individual eating occasion over that same period. In
contrast, compensation is reflected as a smaller observed variance i.e. the expected variance
of the total daily energy intake is greater than the sum of the observed variances of the energy
intakes at each individual eating occasion over that same period. Thus, the expected CV was
used as a benchmark for comparative purposes. A paired sample t-test was used to compare
these two values.

Furthermore, to examine the impact of eating occasions on each other, reported energy intakes
at successive eating occasions were correlated, between participants, across the 7-d period. To
minimize concerns of possible confounding of the meal-to-meal correlations [42] energy
intakes were converted to standardized Z scores before correlation analysis. The binomial
probability distribution was used to determine random nature of the pattern of correlations
[43]. A consistent pattern of negative correlations were assumed to reflect energy compensation
[34], as negative correlations between successive eating events reflects the rank ordering of
participant intake (i.e., high rank at one eating event followed by low rank at the next), rather
than simply reflecting a pattern of high energy eating events followed by smaller ones.

Assessment of Beverage Consumption and Variability in Energy Intake

Participants were classified according to frequency of days in the week that SEBs were

consumed: non-consumers (consume 0 SEB d/wk), infrequent consumers (consume SEB 1-
5d/wk), or frequent consumers (consume SEB 6-7d/wk). SEBs were defined as sweetened soft
drinks, including sweet carbonated drinks and sweetened non-alcoholic wine, and sweetened
fruit drinks [35]. To investigate the hypothesis that energy from sweetened beverages are not
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regulated, each participant’s reported mean daily energy intake was compared between days
when such beverages were and were not consumed, using paired sample t-tests.

Statistical Analysis

Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS,
version 14.0, SPSS Inc., Chicago, IL). Descriptive statistics were calculated for group
characteristics and reported as mean + standard deviation (SD). Pearson cross-correlation
coefficients were computed to examine bivariate relationships between variables of interest.
Chi-square and analysis of variances tests were used to investigate differences between all
computed categories. Multiple comparisons were performed at the significance level of a =
0.05, with Bonferroni adjustment when the main effects were significant. A two-tailed level
P < 0.05 was set as the criterion for significance.

RESULTS

Anthropometry

Table 1 summarizes the anthropometric characteristics of the final sample of 50 adults included
for analysis. There was a gender bias towards women (n = 39), but there was no significant
difference between men and women with respect to age or BMI. Twenty-seven of the
participants were normal weight, 14 were overweight, and nine were obese. Mean (+ SD) BMI
within these categories was 22.0 (+ 1.9) kg/m?, 28.4 (+ 1.4) kg/m?2, and 36.0 (+ 4.8) kg/m?,
respectively. The sample bias towards normal weight was introduced following the elimination
of LERs. Overweight and obese individuals were significantly older than normal weight
individuals (P < 0.05). The mean ages were 26 (+ 10) years in the normal weight group, but
34 (£ 12) years in the overweight and obese group.

Variability in Energy Intake

Table 2 shows the CV for reported energy intake at each of the seven eating occasions, and for
reported total daily energy intake for the total group (within-participant variability). Mean CV
for energy intake for each of the seven eating occasions ranged from 67.6 (£ 69.7) % to 158.1
(x 67.4) %. The mean CV for energy intake at each eating occasion was 110.5 (£ 24.5) %,
while the CV for energy intake for the full 24-h period was 28.9 (x 10.9) %. Thus, the ratio of
meal to day variability was 3.8 to 1. Figure 1 illustrates wide variation in reported energy intake
across eating occasions, but smaller variation across the whole day. Greater variability was
noted in energy intake reported during snack time periods than during main meal time periods
(P < 0.001). For main meals, the mean CV for energy intake was 82.9%; however, the mean
CV for snacks was 152.0%, excluding overnight intake.

A similar pattern of greater variation in reported energy intake between eating occasions than
in energy intake reported for the whole day was demonstrated across all classification
categories (Table 2). The CV for energy intake for the full 24-h period was similar in the
overweight/obese category to the normal weight category (Figure 2). Mean cognitive dietary
restraint was comparable among normal weight and overweight individuals, with a mean value
of 7 (£ 3) in both groups, but was significantly higher among obese individuals (10 + 4) (P <
0.05). However, this did not result in statistically significant differences between the groups
with respect to variation in energy intake.

The CV for reported total daily energy intake was larger in consumers of SEBs than non-
consumers. The greatest variation occurred in participants who consumed the beverages
infrequently. Frequent consumers had greater CVs in reported total daily energy intake than
non-consumers, but less variation than infrequent consumers (Table 2). However, the
differences did not reach statistical significance.
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The expected CV was calculated at 42.6%, which was significantly greater than the observed
CV of 28.9% (t = 15.756, df = 49, P < 0.001). Furthermore, negative correlations were found
between each successive eating occasion, with the correlation reaching significance 11 of 35
times (Table 3). Based on the binomial probability distribution this is a non-random pattern of
correlations (P < 0.001).

Daily Food and Beverage Intake

Reported mean daily energy intake was 8443 + 1576 kJ (Table 4). Energy intake was not
significantly higher on the weekend days. While energy intake was higher in men than women,
the difference was not significant. Multiple comparisons, with Bonferroni adjustments,
revealed reported mean daily energy intake was significantly higher in the obese than normal
weight participants (P < 0.05). A significant positive association was observed between
reported daily energy intake and BMI (r =0.331, P <0.05). No significant differences in energy
intakes were noted with respect to the TFEQ variables. Mean daily intake of energy and
macronutrients did not differ between age groups. Overall, protein, fat, carbohydrate, and
alcohol contributed 15%, 33%, 49%, and 3% of total daily energy intake, respectively.

A paired sample t-test revealed that reported energy intake was significantly higher on days
when SEBs were consumed, compared to days when they were not (t = 3.69, df = 36, P <
0.001). Reported mean energy intake was 7913 + 1077 kJ/d on days when not consumed and
9296 + 767 kJ/d on days when they were consumed. The mean difference in energy intake was
1437 + 2365 kJ/d. Multiple comparisons of mean daily energy intake at different levels of daily
beverage consumption revealed a significantly higher energy intake in participants who
consumed SEBs frequently (6 — 7d/wk) than those who consumed them infrequently (1 — 5d/
wk) (P < 0.05). Multiple comparisons, with Bonferroni adjustments, revealed women who did
not consume SEBs and those who consumed sweetened beverages infrequently consumed
significantly less energy than women who consumed sweetened beverages 6 — 7 d/wk (P <
0.05).

Discussion

Variability in Energy Intake

The present findings indicate marked dietary energy compensation occurs within days in adults.
Intra-individual variability in intake is much smaller over the day relative to individual eating
occasions. The inverse association between intake at successive eating events and a
significantly greater expected CV than the observed CV provide further support for meal-to-
meal compensation. This pattern of reduced variance over the day relative to individual eating
events replicates that reported previously in children [15,16], and indicates the contributing
regulatory mechanisms do not necessarily decline markedly with age as speculated [18-21].
The proportion of variability in reported energy intake at individual eating occasions to
variability in energy intake reported over the 24-h period was 3.8:1. This is comparable to the
3:1 ratio noted in children [15,16]. While strong compensation was observed, it still is not
precise. The daily CV was 28.9%. This may be further reduced by longer-term dietary
adjustments and thermogenic regulatory mechanisms, such as non-exercise activity
thermogenesis [44,45].

This analysis did not reveal significantly different patterns of regulation between BMI
categories. This refutes our hypothesis that the precision would be less in overweight and obese
individuals, as overweight and obese status represents a previous or current state of positive
energy balance [46]. There may be several explanations. First, it may be that there is no
difference between these groups. Variations in food intake may not be the primary determinant
of weight gain in humans. Second, overweight/obese individuals may have only episodic
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periods of positive marked energy imbalance that remain incompletely corrected [47,48]. As
participants in this study reported they were weight stable prior to recruitment, this may have
been missed. Differential patterns in energy intake regulation may only be captured during the
dynamic phase of weight gain [49]. Altered physiological signals have been noted in weight-
gaining obese individuals, but not in a similar weight-stable obese group [50]. During periods
of dynamic weight gain, physiological signals, possibly hormonal or metabolic, that are
involved in the short-term (cues to terminate meals; meal size) and long-term (cues to initiate
eating occasions; meal frequency) regulation may be altered, and lead to a heightened food
intake and positive energy balance [49]. Third, it must be re-emphasized that the variability
evaluated here reflects the precision of daily energy intake rather than accuracy. Obese
individuals may have similar daily variability, but a small systematic positive error in energy
intake relative to energy expenditure. If a lack of precision leads to even a small, sustained
positive energy balance, the error may result in substantive weight gain [51]. Fourth, the multi-
factorial nature of obesity may also account for the failure to find a significant difference
between BMI categories. Identification of a contribution of differential compensation may
require additional knowledge of individual attributes such as birth weight, age of onset, body
fat distribution, body weight fluctuations, binge-eating behavior, or family history of obesity.
Regulatory influences in individuals who are obese from childhood likely differ from those
who have adult onset obesity [52]. Thus, there may be sub-groups of the overweight where
poor dietary compensation is a greater source of error. It is also possible that the difference
between lean and overweight/obese individuals is small and this study lacked the power to
detect such a difference. Only 9 individuals were obese. This bias limits the confidence with
which these findings can be applied to obese individuals, but warrants further investigation in
larger cohorts of individuals. Future studies may be best directed to comparisons between the
extremes of the body fat distribution. An additional consideration when interpreting these
findings and planning future studies is the possibility that the magnitude of the positive energy
balance needed to produce even a small weight gain over a year may be smaller than the random
error associated with the measurement of energy intake over a consecutive 7-d period [53].

There are data indicating incomplete dietary compensation for a variety of foods [34], however,
the substantive contribution SBE’s make to daily energy intake [54] and growing evidence for
their especially weak satiety property [55], prompted additional consideration of the
compensatory responses to their ingestion. SEB consumption was associated with greater daily
energy intake among participants in this study. Additionally, the CV of reported energy intake
for participants who consumed SEBs was greater than that for participants who did not.
Together these findings extend prior observations that beverages fail to trigger complete
compensation for the energy they provide [56-59] and lead to weight gain [35]. The
mechanisms by which SEBs escape appetitive controls and regulation is not known, but may
include cognitive, sensory, osmotic, gastrointestinal transit, and endocrine processes [55]. As
SEBs are an important source of energy in Western diets [62] these findings are of concern.
The observational nature of the present study precludes inference of causality, but such
evidence is available [e.g. 58].

Significantly greater variation in energy intake was observed at “snack” (morning, afternoon,
evening) compared to “meal” times (breakfast, lunch, dinner). The similarity of this pattern
with those observed previously in children [15,16] suggests that ‘snacking” may be an
important mechanism whereby energy compensation acts to regulate, or dysregulate, energy
intake. It is important to note that the term ‘snacking’ in this case refers to an eating pattern
characterized by short inter-meal ingestive events, rather than referring to the consumption of
commercially available ‘snack foods’. A greater level of dietary compensation has been noted
in frequent snack consumers compared to consumers of fewer, larger meals [60,61].
Furthermore, compensation has been observed under controlled conditions in normal weight
men following the introduction of 3 mandatory shacks across the day [62]. Similarly, improved
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compensation has been observed in obese individuals with increased meal frequency [63].
However, there are reports of an indirect, no, or direct relationship between eating frequency
and BMI or obesity [64—67]. Snack-related sensory, palatability, energy density, and
macronutrient characteristics may play a role in these differential findings [68]. In particular,
high-fat snack foods and high-fat diets may disrupt energy compensation and lead to
dysregulation of energy intake and weight gain [68]. Thus, the patterns of regulation observed
in the present study, where fat intake contributed moderately to reported total daily energy
intake (33%), may become disrupted on a diet composed of higher fat snack foods. Given
commercially available snack foods tend be high in fat content [62] the concept of snacks fine-
tuning meal time energy intake to match energy requirements demands further study amongst
all ages and weight categories, in the context of free-living conditions. Snack-dominated and
meal-dominated eating patterns must be compared, at various macronutrient levels, to ascertain
any differential patterns.

Although the 7-d food intake diary used in this study, in conjunction with 24-h dietary recalls,
has been shown to be a reliable method for estimating habitual energy intakes in free-living
humans [69,70], itis not without error. This technique has been shown to underestimate intakes,
especially in obese [71,72]. However, additional steps were taken to improve the internal
validity of the data. First, data were collected by using multi-pass software, the currently viewed
best approach. Second, participants were educated on portion size estimation. Third,
participants with incomplete 7-d records were removed from the analytical sample. Fourth,
LERs were identified by a validated method (Goldberg cut-off [40]) and subsequently removed
from the analytical sample, minimizing the confounding effects of implausible reports.

In summary, the present study documents clear evidence of short-term dietary compensation
in free-living adults that is comparable to levels noted previously in children [15,16]. While
compensation occurred, it was not precise in any group over the interval studied. The
implications of such imprecise regulation for energy balance remains to be clarified. However,
as greater compensation was observed over the day relative to individual meals, the present
study raises questions about the use of single meal feeding trials for advancing the study of
compensatory responses and longer-term energy balance.
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Figure 1.

Coefficients of variation for total daily energy intake (24-h period) and for energy intake at
seven eating periods (n = 50). Each point represents the mean value for a single participant for
seven days, except where the values for two or more participants coincide and one data point

is shown.
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a BMI<25
+ BMI>25

- (Group
Mean

Coefficients of variation for total daily energy intake (24-h period) and for energy intake at

seven eating periods for normal weight (n = 27) and overweight and obese (n = 23) participants.
Each point represents the mean value for a single participant for seven days, except where the
values for two or more participants coincide and one data point is shown.
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