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a b s t r a c t

According to most theories, the amount of food consumed on one day should be negatively related to
intake on subsequent days. Several studies have observed such a negative correlation between the
amount consumed on one day and the amount consumed two to four days later. The present study
attempted to replicate this observation by re-examining data from a previous study where all food
ingested over a 30-day observation period was measured. Nine male and seven female participants
received a vegan diet prepared, dispensed, and measured in a metabolic unit. Autocorrelations were
performed on total food intake consume on one day and that consumed one to five days later. A sig-
nificant positive correlation was detected between the weight of food eaten on one day and on the
amount consumed on the following day (r ¼ 0.29, 95% CI [0.37, 0.20]). No correlation was found between
weights of food consumed on one day and up to twelve days later (r ¼ 0.09, 95% CI [0.24, �0.06]),
(r ¼ 0.11, 95% CI [0.26, �0.0.26]) (r ¼ 0.02, 95% CI [0.15, �0.7]) (r ¼ �0.08, 95% CI [0.11, �0.09]). The same
positive correlation with the previous day's intake was observed at the succeeding breakfast but not at
either lunch or dinner. However, the participants underestimated their daily energy need resulting in a
small, but statistically significant weight loss. Daily food intake increased slightly (13 g/day), but
significantly, across the 30-day period. An analysis of the previous studies revealed that the negative
correlations observed by others was caused by a statistical artifact resulting from normalizing data before
testing for the correlations. These results, when combined with the published literature, indicate that
there is little evidence that humans precisely compensate for the previous day's intake by altering the
amount consumed on subsequent days. Moreover, the small but persistent increase in food intake
suggests that physiological mechanisms that affect food intake operate more subtly and over much
longer periods of time than the meal or even total daily intake.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

A fundamental premise of almost all theories of body weight is
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an important role in energy
role of the control of energy
that body weight, or more precisely, body (fat) tissue, is regulated
through the control of energy intake and energy expenditure.5

Support for this premise is inferred from the observation that
body weight of adults remains remarkably constant for long pe-
riods of time (Schwartz & Seeley, 1997). Any energetic error
imposed such as a bout of overeating (e.g., holiday feast) or
undereating (dieting) would be followed by a change in energy
intake and/or expenditure, which would return body weight to its
pre-perturbed state.

The first researchers tomeasure the accuracy towhich energetic
errors are corrected by changes in energy intake and/or expendi-
ture were Gasnier and Mayer (Gasnier and Mayer, 1939a, b). They
observed, in rabbits, an inverse relationship between energy
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Table 1
Original subject characteristics; mean ± SE.

Total (N ¼ 16) Women (N ¼ 9) Men (N ¼ 7)

Age (years) 43 ± 1.7 46.8 ± 1.3 38.1 ± 2.4
Height (cm) 171.4 ± 2.0 167.1 ± 2.5 176.8 ± 1.8
Weight (kg) 70.0 ± 2.9 69.0 ± 4.5 71.23 ± 3.5
BMI (kg/m2) 23.9 ± 1.0 24.7 ± 1.5 22.8 ± 1.0

D.A. Levitsky et al. / Appetite 116 (2017) 277e283278
expenditure on one day and energy intake on the next day. Edholm
et al. (Edholm, Fletcher, Widdowson, & McCance, 1955) performed
a similar study of the relationship between energy expenditure and
energy intake in young soldiers where energy expenditure was
measured by indirect calorimetry and energy intake by weighing
before and after eating. Unlike the Gasnier and Mayer studies, they
failed to observe a negative correlation between daily energy
expenditure and energy intake consumed on that day and the next
day, a finding repeatedly observed by others (Booyens & Mccance,
1957; Durnin, 1957, 1961; Edholm et al., 1970a). However, Edholm
et al. (Edholm et al., 1955) did report that a negative correlation
existed between energy expended on one day and energy intake
consumed two days later.

Although others failed to replicate the observation between
energy expenditure and energy intake measured two day later
(Durnin,1957,1961; Edholmet al.,1970a), De Costa (de Castro,1998),
using self-reported dietary records, reported a similar negative
correlation between the energy consumed on one day and the en-
ergy consumed two days later. While this intake-to-intake correla-
tion is not as direct a test of the accuracy of energy balance (energy
intake and energy expenditure), it still reflects physiological regu-
lation. Overconsumption on one day is followed by under-
consumption later, albeit two days later. However, de Costa relied
on self-reporteddietary records, amethod that has seriousflawsas a
measure of energy intake (Schoeller, Bandini, & Dietz, 1990).

Using both dietary records and weighed food intake measures,
Bray et al (Bray, Flatt, Volaufova, DeLany, & Champagne, 2008).
findings supported De Costa's observation. They observed a nega-
tive correlation between the amount of energy consumed on one
day and the amount consumed not two days later, but rather three
to five days later. However, they only used on 7 days of observa-
tions. Champagne et al (Champagne et al., 2013). extended the
period of observations in another sample to 17 days using the same
methodology. They confirmed the apparent “corrective regulation”
of their previous study (Bray et al., 2008) but rather than finding the
compensation occurred between four to six days, they found
compensation occurred 4, 8 and 9 days later but positive correla-
tions occurring in intakes measured at 6 and 7 days later.

Because current theories of long-term regulation of human body
weight depend upon the veracity of “corrective regulation” and
studies published so far have yielded ambiguous results, we re-
examined data collected from a study of human volunteers (Olabi
et al., 2015) where total food intake was measured for 30 consec-
utive days.

2. Methods

2.1. Subjects

Sixteen volunteers, 9 females and 7 males, were recruited for a
study of diet that will be used on a Mars space travel mission.
Details are provided in a study reported by Olabi et al. (Olabi et al.,
2015). They were non-vegetarians and did not have significant
weight changes over a year. The subjects were staff and faculty
members of Cornell University, ages ranging from 30 to 50 years.
Theywere not receiving anymedications or following a special diet,
and did not dislike the foods they were going to be fed in the study.
The study was approved by Cornell University Committee on Hu-
man Subjects; this secondary analysis study was reviewed by the
Cornell Institutional Review Board.

The volunteers were informed that the purpose was to optimize
the diet for astronauts by testing food products made of crops
grown in a hydroponic environment. They were instructed to
consume as much or as little of the food prepared by the staff.

The subject characteristics are shown in Table 1 below.
2.2. Foods

The foods consumed by the participants were prepared from a
total vegan diet. Meat proteins were substituted with wheat and
soy proteins. The subjects were provided with low calorie fruit
flavored beverages, tea, coffee, and decaffeinated coffee at every
meal and were free to add non-dairy creamer or non-caloric
sweetener. Multivitamin and calcium supplements were provided
to avoid vitamin deficiency.

All foods were freshly prepared or frozen/reheated, and met
nutritional requirements. The 10-day rotation diet was repeated
three times over the period of 30 days. The number of food items
and types of food products provided at each meal and snacks is
presented in Appendix A and B.

2.3. Procedures

The subjects were provided with three meals and two snacks
each day. At every meal, food was available at the Frances A.
Johnston and Charlotte M. Young Human Metabolic Research Unit
at Cornell University. Food was offered at each meal from a buffet
table to the participants. The participants were told to take as much
or as little as they wanted. Food intake was measured by the staff at
breakfast and lunch by weighing the amount of food put on their
plate by the participant at the beginning of the meal and sub-
tracting the amount of food left on the plate at the end of the meal.
For dinner and weekend meals, subjects were provided with pre-
weighed food in plastic containers. They were free to choose as
many packaged food items as they desired and any leftover food
was returned to the facility for measurement. All food items were
stored in coolers with specific instruction to prepare the meals at
home. The time when the foods were consumed was recorded by
the participants.

2.4. Statistical analysis

Total daily food intake (g) of each subject was calculated by
aggregating the amount of food consumed at the three meals and
two snacks per day. Autocorrelations of the total daily food intake
were calculated for each subject using a lag of between one to
twelve days. The mean correlation for the 16 subjects were then
calculated. The autocorrelations were repeated five times for each
subject, each autocorrelation beginning on Day1, Day 2, Day 3, Day
4 and Day 5 of the study. The mean correlation coefficients and
confidence interval was then determined for each of the five series
of autocorrelations and a grand mean and confidence interval was
then calculated. The alpha level for total daily correlations was set
at 0.996 to compensate for repeated measures.

3. Results

Fig. 1 shows the mean total daily energy intake across the 30-
day observation period. The average energy intake of the vegan
diet was initially quite low, but increased gradually, yet signifi-
cantly, across the time period (slope ¼ 13.84 g/day, p < 0.01). This
underestimation of daily intake to maintain energy balance is



Fig. 1. Mean and 95% Confidence Interval of the total amount consumed of food consumed each day across the 30 days of the study. The alpha level for the determination was
adjusted for the multiple comparisons.
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reflected in a small but significant reduction in body weight as seen
in Fig. 2. Approximately 1.4 kg was lost in 30 days. According to the
Hall energetic equations (I. of D. and D. and K), this reduction in
weight was caused by an underestimation of energy requirements
by about 285 kcal a day.

Despite the overall negative energy balance, day-to-day regu-
lation still should have occurred. Fig. 3 shows the mean and 99% CI
for the correlation coefficients observed between total calories
consumed on one day and the total daily intake measured from one
to twelve days later. No significant negative correlations were
found. Instead, the only statistically significant correlation observed
was the amount consumed on one day was positively correlated
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Fig. 2. Mean body weight plotted against days in the study. The line is generated by an
exponential best fit equation.
with the amount consumed one day earlier. We checked this
finding using several mixed effects models and arrived at the same
result e a positive correlation exists between the amount
consumed on one day and the amount consumed on the next with
no other significant correlations being exhibited from 2 to 12 days
later.

Fig. 4 shows the mean and 95% CI for correlation coefficients
between intake on one day and the amount consumed at breakfast,
lunch, and dinner between one and five days apart. The top left
figure shows that the pattern of correlations was very similar to
total daily intake, i.e., a positive correlation was found between the
total amount of food consumed on one day and the amount eaten at
breakfast on the next day. No correlation was observed between
any other pairs of days. Intakes at lunch and dinner, however,
showed no relationship between the amount consumed on one day
and the amount consumed on successive days.
4. Discussion

Using 30 days of weighed food intakes, no evidence was found
that total daily food intake is regulated on a day-by-day basis in this
group of healthy adults. In no case, whether we examined total
daily intake or daily meal-to-meal intake, did we observe a
consistent negative correlation between the amount of food
consumed on one day and the amount consumed either the next
day, or up to 12 days later.

While the lack of negative correlations between the amount
consumed on one day and the amount consumed on succeeding
days suggests a lack of physiological control of food intake, the
slow, yet persistent, rise in daily food intake across the 30-day
period (Fig. 1) suggests that a sluggish and weak physiological
response did occur, perhaps, to compensate for energetic error that
lead to the significant weight loss (Fig. 2). The inability of humans to
accurately adjust their energy intake when switched from an
omnivorous diet to the low-energy-dense vegan diet (Barnard et al.,
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Fig. 3. Mean and 99.994% Confidence Interval of the correlation coefficients between the total amount of food consumed on the day and the amount consumed various days later.
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2006; Rouse, 1983) probably represents the strong tendency of
humans to consume a constant volume of food (Kendall, Levitsky,
Strupp, & Lissner, 1991; Rolls, 2009; Stubbs & Whybrow, 2004),
most likely out of habit.

A closer examination of this compensatory response of food
intake to the initial reduction in energy intake from the low energy
density of the vegan diet reveals that the precision of this
compensation is quite poor. Using the Hall equations, the deficit in
daily intake that would be needed to account for the loss in body
weight observed over the 30-day observation was approximately
285 kcal per day. The increase in daily intake during the same
period was 12.75 g/day. The mean energy density of the vegan diet
served to the participants was 1.79 kcal/g. Therefore, the partici-
pants compensated for their 285 kcal deficit in energy intake by
increasing their intake by 22.8 kcal/day (12.75 g/day x 1.79 kcal/g),
an energetic compensation of about 8%.

It is noteworthy that the only meal of the day that reflected a
positive correlation of intake on the succeeding days was breakfast.
One possible reason for this may be that breakfast is the most
variable meal of the day. The coefficient of variation for the amount
consumed at breakfast, lunch and dinner were: 0.51, 0.34, 0.03,
respectively.

These data are inconsistent with the earlier literature where an
inverse relationship was observed between energy balance on one
day and energy balance two or more days later. The results of
Edholm et al., (Edholm et al., 1955), who showed a negative rela-
tionship between energy expenditure and food intake two days
later, may have exhibited a type 2 error because others failed to
repeat his observation (Booyens & Mccance, 1957; Durnin, 1957,
1961; Durnin & Brockway, 1959), including Edholm (Edholm
et al., 1970b). These studies were performed by the most compe-
tent and respected researchers in human energetics of the mid-
twentieth century. The studies of De Castro (de Castro, 1998),
Bray et al., (Bray et al., 2008), and Champagne et al (Champagne
et al., 2013). asked a different but related question: Does food
intake on one day affect intake on subsequent days? They all found
negative correlations between how much was consumed on one
day and the amount consumed at least two days later.

The analysis of De Castro et al (de Castro, 1998). may be criti-
cized on the grounds that self-reported diaries were used as the
dependent variable, a method that has been frequently cited as
being an inaccurate estimate of energy intake (Dhurandhar et al.,
2015; Levitsky et al., 2014; Scagliusi, Ferriolli, & Lancha, 2006;
Schoeller, 1995; Schoeller et al., 2013; Subar, 2003; Winkler,
2005). Yet, Bray et al (Bray et al., 2008). and Champagne et al
(Champagne et al., 2013). found similar effects with weighed food
intake, albeit the negative correlations occurred three to four days
later in the case of Bray et al. (Bray et al., 2008), and four, eight, and
nine days later in the report by Champagne et al (Champagne et al.,
2013). It is difficult to explain, physiologically, how “compensation
regulation” could occur at these specific time lags. Even more
perplexing is that a positive correlation was found six and seven
days later. The present data demonstrate (Fig. 3) large variation in
the correlation coefficients, both positive and negative, between
the amount consumed on one day and the amount eaten on sub-
sequent days that may have contributed to Type II errors. However,
despite the large variations in the correlation coefficients, the
positive correlation between the amount consumed on one day and
the amount consumed on the next remained exceedingly strong.

A close examination of the methods used by De Castro et al (de
Castro, 1998). reveals the data were “normalized” before the cor-
relations were determined. They probably did this to remove in-
dividual differences, though the actual reason was not given.
Unfortunately, normalizing data imparts difference properties to
the dataset. Performing autocorrelation using a time lag does not
affect the correlation if the number of lags is fairly high, but causes
negative correlations when the time lags are small like two to
4 day as was used by both De Castro and Bray (Wackerly, 1996).

Further argument that the conclusions reached by De Castro and
Bray were artifactual emerges from subsequent studies that not
only failed to find a negative relationship between intake on
consecutive days, but observed a positive correlations between
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Fig. 4. Mean and 95% correlation interval coefficient between the amount of food consumed at breakfast, lunch and dinner on one day and the amount consumed one day later.
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intakes on consecutive days (Morgan, Johnson, & Goungetas,
Tarasuk and Beaton, 1991; Hartman et al., 1990), similar to the
observations made in the present study. While finding a positive
correlation between total daily intake between successive days
may seem counterintuitive, it may reflect general state of mental
and physical health. We rarely recover from an illness in one day.
Rather both linger for several days or longer. Sickness may reduce
intake in blocks of days. Holidays and eating on weekends may
increase intake also in blocks (Durham, Lovelady, Brouwer, Krause,
& Østbye, 2011; Schoeller, 2014). When examined within a single
person over a period of time, intake on any one day will appear
related to previous day's intake, producing the significant correla-
tion (Tarasuk and Beaton, 1991; Morgan et al.,). In addition, the
small, but slow, increase in food intake over the 30 days of obser-
vations may have also contributed to the positive correlation be-
tween successive day intake.

It has been suggested that regulation of food intake may occur
across meals within a day, at least in children (Birch, Johnson,
Andresen, Peters, & Schulte, 1991; Shea, Stein, Basch, Contento, &
Zybert, 1992). The argument is based on the observation that the
variability between meals is significantly greater than the vari-
ability between daily total intake. Further, the argument is that the
pattern of food intake shows that a large meal is typically followed
by a small meal, suggesting the “children adjust their energy intake
at successive meals” (Birch et al., 1991).

Hanley and Hutcheon (Hanley & Hutcheon, 2010) have pointed
out the faulty logic used by Birch and Shea. These latter authors
used both mathematical reasoning and model simulation to show
the authors could not draw that the conclusion that their data
demonstrate regulation. The negative correlation observed be-
tween successive meals was a result of the fact that children and
adults intersperse small meals (snacks) between the large meals.
This cyclicity of intake is sufficient to produce the successive cor-
relation between successive meals observed by Birch. Hanley and
Hutcheon (Hanley & Hutcheon, 2010), however, also ran a simu-
lation model on random data where successive meals were un-
correlated and observed that the variability of total daily intake
(sum of the meals) is always less than the variability of the meals.
The numbers they produced with their simulation using random
data were remarkably close to the figures reported by Birch, sug-
gesting that what appears as regulation is merely the result of
aggregating data rather than “evidence for strong biological
compensation”.

One weakness of the present study is the small sample size
(n¼ 16) and the limited number of days of the observation (n¼ 30).
It is possible that we did not have sufficient statistical power to
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detect negative correlations that may have occurred between the
amount consumed on one day and the amount eating on successive
days. However, this appears unlikely because the sample size was
sufficient to detect significant positive correlations between the
amount consumed one day and the amount consumed on the next
day. In addition the autocorrelations were repeated five times on
different combination of days within the 30 day dataset, thus
substantially increasing the confidence in final results. Another
weaknesses of this study that might limit the ability to generalize
the results to the population is the use of a vegan diet. The initial
response to the diet was an underestimation of the amount of
energy intake required to remain energy balance causing them to
lose a small, but significant, amount of body weight across the
observation period.

These data, along with the evidence from the literature, strongly
suggest that humans regulate neither their meal intake in response
to energetic errors nor their daily intake in response to previous
day's energy intake. Such a conclusion is consistent with studies
demonstrating the lack of precise caloric compensation for food
deprivation (Levitsky & DeRosimo, 2010), overfeeding (Levitsky,
Obarzanek, Mrdjenovic, & Strupp, 2005), meal skipping (Levitsky
& Pacanowski, 2013), meal reduction (Levitsky & Pacanowski,
2011), or changes in the caloric density of foods (Kendall et al.,
1991; Lissner, Levitsky, Strupp, Kalkwarf, & Roe, 1987).

Yet, as shown in Fig. 1, feeding behavior reacted to the small
energetic error caused by switching from an omnivorous diet to
vegan foods by slightly, but persistently, increasing the amount
ingested. Apparently, this was an attempt to compensate for the
reduction in energy intake. These observations suggests that,
perhaps, we have been looking at the role of physiological mech-
anisms that control food intake and regulate body weight through
the wrong time perspective. Rather than searching for mechanisms
that immediately stimulate or terminate eating, these signals may
operate more subtly by slightly modulating our responses to food
stimuli. When body stores of energy are slightly depressed they
may enhance the behavioral response to these food primes that
stimulate eating and dampen those primes that inhibit eating.

Regardless, these physiological modulators seem to operate over
long periods of time and are subtle, not robust, modulators of our
intake, barely noticeable at a single meal or even over a couple of
days of observation. If this perspective is correct, then at best,
making small reductions in our energy intake should produce
chronic reduction in body weight because caloric compensation is
never 100% complete. Furthermore, delivering any one of the pu-
tative neurochemicals that might act as the feedback from energy
stores at a slow rate over a long period of time may prove more
effective at modulating intake than the short term therapies we
currently have. Changing our time perspective from concentrating
on the meal, to the long-term determinants of body weight may
provide the insight we need to develop an effective treatment to
combat the epidemic of obesity.
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