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Abstract

The composition of weight change has a large impact on energy balance cal-

culations. Composition of long-term weight change interventions is well-docu-

mented, but information on short-term weight change under unrestricted

free-living conditions is limited. The composition and energy density of the

changes in body weight during 2-week free-living conditions were analyzed in

adults from two cohorts: cohort 1 (n = 24) included participants from the

reproducibility subset of the Observing Protein and Energy Nutrition study;

cohort 2 (n = 22) included participants who were studied under free-living

conditions in an ongoing study in the Chicago area. Change in body weight,

total body water (TBW) by stable isotope dilution (cohort 1), and fat mass

(FM) and fat-free mass (FFM) by serial DXA (cohort 2) were measured. To

determine the fractional composition of the change in body weight we ana-

lyzed the linear associations between changes in body weight and changes in

body composition. In the combined dataset, the average change in body

weight (0.26 � 1.2 kg) was consistent with being in energy balance. Average

change in body weight was associated with the change in TBW (P < 0.0001)

in cohort 1 and the change in FFM (P = 0.0002) in cohort 2. A unit change

in body weight was composed of 84% change in FFM in the combined dataset

indicating that 2-week fluctuation in body weight is largely composed of

FFM. The energy density of 1–3 kg short-term changes in body weight aver-

aged 2380 kcal/kg.

Introduction

Energy balance, as summarized by the energy balance

equation, is described by three terms; energy intake,

energy expenditure, and change in body energy stores

(Hall et al. 2012). Because energy cannot be created nor

destroyed, this energy balance equation is widely applied

to assess the third component when the other two com-

ponents of energy balance are measured. Under highly

controlled conditions, changes in body energy stores and

hence energy balance can be calculated by subtracting

energy expenditure from energy intake (Schoeller and van

Santen 1982; Kempen et al. 1995; Racette et al. 1995).

Under a slightly different set of conditions where energy

intake is controlled, such as in inpatient studies or outpa-

tient studies where the research team supplies all foods,

energy expenditure can be calculated from energy intake

and change in body energy stores. More recently there

has been a growth in the number of outpatient studies

where the goal is instead to estimate energy intake. In
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such cases, the change in body stores and energy expendi-

ture are measured and energy intake calculated from their

sum. Change in body energy stores can be measured

using serial assessment of body composition. At the

molecular level, fat mass (FM) accounts for the total

nonessential body lipids, and the remaining components

(water + protein + glycogen + mineral) together define

fat-free mass (FFM) (Wang et al. 1992). Unfortunately,

change in body composition cannot always be easily mea-

sured in all studies because such measures take time, are

costly, or instrumentation are not readily portable. In

these cases, often only change in body weight is measured

and assumptions are made about the composition of that

weight change. For studies over intervals of months, espe-

cially during weight loss, there is consensus regarding the

composition of that weight change (Thomas et al. 2009;

Heymsfield et al. 2014). There is, however, little data

available on the composition of small day-to-day weight

variations under habitual lifestyle conditions such as using

doubly labeled water as a biomarker of energy intake

because knowledge is limited with respect to change in

body energy stores of these short-term fluctuations in

body weight. Moreover, even when change in body com-

position is measured over a period as short as 2-weeks,

the individual precision of that measure limits the ability

to calculate energy balance at individual level (Hall et al.

2012).

Long-term diet restriction studies of >8-weeks show

that the change in body weight is composed of approxi-

mately three fourths FM (DFM/DWeight = ~75%) and

the remaining quarter is lost as FFM (Heymsfield et al.

2014). The degree of negative energy balance causing frac-

tional loss of FM and FFM, in these long-term studies,

are influenced by multiple factors (Heymsfield et al.

2014). Chaston et al. conducted a systematic review of

published literature to identify the proportion of weight

lost as FFM by various weight loss interventions. This

analysis revealed that the degree of calorie restriction in

<17 week studies was positively associated with percent

FFM loss, with low-calorie diets resulting in median FFM

loss of 14% versus 23.4% for very low-calorie diets.

Longer term caloric restriction, however, assumed a stable

level of percent FFM loss. Adding an exercise intervention

to dietary restriction, as in CALERIE study led to a

slightly more decrease in FM (~79%) and less FFM (21%)

after 6 months as compared to diet only intervention

(FM decrease by 70%; FFM decrease by 30%) (Redman

et al. 2007). For studies shorter than 8-weeks, the compo-

sition and hence energy density per kg of weight loss var-

ies as a function of duration of the energy restriction

(Heymsfield et al. 2011, 2014). For example, at 4 weeks a

larger percentage of the weight lost is FFM such that the

composition of weight loss is about 45% FM and 55%

FFM. Adding exercise to the low-calorie diet regimen,

however, changes this ratio by increasing FM losses and

reducing FFM losses after just 4 weeks of intervention

(Chaston et al. 2007; Heymsfield et al. 2011). Chaston

et al. (2007) reported that exercise in addition to calorie

restriction achieved ~22% of fat-free mass loss. The type

and intensity of physical activity included will further

impact the DFFM/DWeight ratio. Overall, existing litera-

ture shows that the 75% FM loss and 25% FFM loss is an

approximation that is dependent on several variables.

Because of the large differences in energy densities of FM

and FFM (Wang et al. 1992), the energy density of the

4-week changes in weight in these studies are much lower

than would be estimated using the more commonly cited

ratio of 75% FM and 25% FFM (Heymsfield et al. 2011;

Varady 2011).

Shorter term (several days to 3 weeks) fluctuations in

body weight generally range from 1 to 2 kg (Adolph

1938; Widjaja et al. 1999; Cheuvront et al. 2010; Vivanti

et al. 2013). These short-term fluctuations in body weight

are assumed to be due to variations in several factors such

as intestinal contents (Institute of Medicine of the

National Academies, 2005; EFSA Panel on Dietetic Pro-

ducts, Nutrition, and Allergies [NDA], 2010), glycogen

stores (Geddes et al. 1977; Fernandez-Elias et al. 2015),

labile protein stores (Swick and Benevenga 1977), and the

accompanying body water (Oian et al. 1987; Ew 1996).

While investigators have often reasoned that these short-

term individual daily fluctuations in body weight are pri-

marily due to fluctuations in TBW and other components

of FFM, to the best of our knowledge, there is only one

published study on the composition of that variation

when subjects are not making an effort to lose or gain

weight (i.e., unrestricted free-living conditions) and this

study was limited to four subjects under inpatient condi-

tions (Dole et al. 1955). Moreover, especially data under

unrestricted free-living conditions is needed to document

the energy density of short-term changes in body energy

stores.

Therefore, we evaluated the variation in body composi-

tion with the variation in body weight under free-living

unrestricted conditions over a 2-week period. Our

hypothesis was that FFM as measured by DXA or calcu-

lated from the total body water would explain most of

the short-term fluctuation in body weight.

Methods

The current analysis included data from two cohorts. First

cohort (i.e., cohort 1; n = 24) used data from previously

published work from the energy expenditure reproducibil-

ity subset of the Observing Protein and Energy Nutrition

(OPEN) study and the second cohort (i.e., cohort 2;
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n = 22) used data from an ongoing study in Chicago. In

both cohorts, subjects followed their habitual diets or

physical activities. Changes in body weight and body

composition were examined in a total of n = 46 adults

for a period of 2-weeks. The details of the OPEN study

are described elsewhere (Subar et al. 2003; Cook et al.

2012). Briefly, the primary purpose of the study was to

assess error in self-reported dietary data using doubly

labeled water (DLW) for total energy expenditure (TEE)

and urinary nitrogen for protein intake. Included within

the study was a subset of 24 healthy adults from

metropolitan area of Washington DC in which total body

water (TBW) was measured twice with dosing separated

by 2-weeks to estimate fat mass and fat-free mass changes

(Schoeller 1992). All investigations were performed in

September and October 1999. The OPEN was approved

by the National Cancer Institute’s Special Studies Institu-

tional Review Board and subjects provided informed con-

sent. The ongoing study in Chicago examines the

associations between sleep patterns and energy metabo-

lism in overweight, otherwise healthy adults. The data

available (between November 2015 and June 2016) under

unrestricted free-living conditions over a 2-week period

were included in the current analysis. The study was

approved by the University of Chicago ethical review

board and all subjects provided written informed consent.

Both these studies were also approved by the University

of Wisconsin Health Sciences Institutional Review board.

Measurements

Body weight

Body weight was measured after an overnight fast in a

hospital gown and without shoes at baseline and at the

end of 2-weeks of unrestricted free-living period. In

cohort 1, a balance beam scale was used to measure body

mass during clinic visit. In cohort 2, body weight was

measured using a digital weighing scale (BodyTrace, Inc.,

NY) with an accuracy of �0.1 kg. It is important to note

that the term “body weight” as used for cohort 1 is more

of a common parlance term used to describe body mass.

Fat mass and fat-free mass

In cohort 1, a dose of DLW was administered orally at

~2 g of 10 atom percent 18O labeled water and 0.12 g of

99.9 atom percent deuterium per 1 kg estimated total

body water at baseline and the end of 2-weeks (Subar

et al. 2003; Cook et al. 2012). Three post-dose urine spec-

imens were collected over the next 2–4 h and analyzed by

isotope ratio mass spectrometry. The isotopic dilution

was used to calculate TBW (Schoeller 1992). FFM was

derived from dividing the calculated TBW with a hydra-

tion constant of 0.732 (Subar et al. 2003; Cook et al.

2012). FM was calculated by subtracting derived FFM

from body weight. In cohort 2, the FM and FFM were

determined by dual energy X-ray absorptiometry (DEXA)

(QDR 4500 W, Hologic Inc. Arlington, MA) at baseline

and at the end of 2-weeks. All body composition mea-

surements were performed after an overnight fast.

Statistical analysis

All data were analyzed using SPSS (version 23.0, SPSS

Inc., Chicago, IL). Results are presented as mean � SD.

Change in body weight, FM, FFM, and TBW were calcu-

lated and expressed in kg and paired t-tests were used to

test for differences between baseline and the end of

2-week period. Pearson correlations were performed to

assess the relationships between 2-week changes in body

weight with the changes in components of body composi-

tion. These correlation analyses were performed in both

cohorts separately and in the combined dataset. Differ-

ences were considered significant at P < 0.05.

Results

Baseline characteristics of study participants are presented

in Table 1. Participants in cohort 1 were older than the

participants in cohort 2. The two cohorts were similar in

terms of gender distribution. Participants in both cohorts

were similarly overweight.

Analysis of body weight of participants from both

cohorts indicated a within subject 2-week weight change

and standard deviation of 0.18 � 1.1 kg in cohort 1 and

0.35 � 1.3 kg in cohort 2. In the combined dataset, the

Table 1. Baseline characteristics of study participants.

Cohort 1

(n = 24)

Cohort 2

(n = 22)

All

participants

(n = 46)

Age, year 55.8 � 9.7 29.1 � 4.9 43.0 � 15.5

Sex (n, %)

Female 11 (45.8) 9 (40.9) 20 (43.5)

Male 13 (54.2) 13 (59.1) 26 (56.5)

Height, m 1.7 � 0.1 1.7 � 0.12 1.71 � 0.1

Baseline Weight, kg 81.3 � 17.0 83.0 � 13.6 82.1 � 15.4

Baseline BMI (kg/m2) 28.2 � 4.7 27.7 � 1.7 28.0 � 3.6

Race/Ethnicity (n, %)

White 21 (87.5) 13 (59.1) 34 (73.9)

African American 0 (0) 7 (31.8) 7 (15.2)

Other 3 (12.5) 2 (9.1) 5 (10.9)

Data are mean � SD unless otherwise specified, BMI. body mass

index.
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average weight change was 0.26 + 1.2 kg. In cohort 1, the

average change measured in TBW was 0.15 kg. Using this

TBW value, the average estimated changes in FM and

FFM over 2-week period were �0.17 kg and 0.35 kg,

respectively. In cohort 2, the average changes in FM and

FFM, as measured by DXA, were 0.15 kg and 0.20 kg,

respectively, indicating that the subjects were on average

close to energy balance. In the combined dataset, the

average change in FM and FFM were �0.02 kg and

0.28 kg, respectively. Both cohorts supported the assump-

tion that FFM hydration, that is, the ratio of TBW to

FFM was stable at ~0.73 (cohort 1 FFM hydration = 0.74;

cohort 2 FFM hydration = 0.75).

In the combined dataset, the change in body weight was

significantly associated (r = 0.80, P < 0.0001) with the

change in FFM (Fig. 1). The slope indicated that every

1 kg change in body weight was composed of 0.84 kg or

84% FFM. To calculate the FM composition per kg of

body weight change, we subtracted the FFM estimate

(0.84 kg) obtaining FM estimate of 0.16 kg. Using tissue

energy densities of 1020 kcal/kg and 9500 kcal/kg for FFM

and FM, respectively (Thomas et al. 2010), we multiplied

the estimates for FM and FFM with their respective energy

densities and sum them up to obtain the energy density of

total body weight. This calculation indicated that in the

combined dataset, the average energy densities of 2-week

changes in body weight was 2380 kcal/kg.

Additionally, in the combined dataset, examining the

correlations between 2-week changes in body weight and

FM or FFM in men and women indicated that 84% of

change in body weight was FFM in men, versus 78% of

the change in body weight was FFM in women. However,

this small difference in the composition of the changes in

body weight between genders did not reach statistical sig-

nificance (P = 0.196).

Discussion

We demonstrated that short-term variations in body

weight in subjects who are not making an effort to lose

or gain weight (i.e., under unrestricted free-living condi-

tions) were largely composed of changes in FFM and its

major compartment of water. The change in energy den-

sity over 2-week period was 2.4 kcal/g in our study in the

combined dataset. Dole et al. (1955) reported a similar

change in energy density of 2.5 kcal/g in four obese

women after 14 days of inpatient paradigm with carefully

controlled energy intake and physical activity . As

expected, the relative contribution from FFM is much lar-

ger than those summarized for systematic changes in

weight in a 12-week or longer period, which indicates a

much lower energy density than those reported for sys-

tematic over- or under-feeding (Casper et al. 1990;

Heymsfield et al. 2014).

Although there was a strong association between

change in FFM or TBW and change in body weight, we

found no association of change in FM with body weight

change (data not shown). This is not surprising, however,

because in both cohorts the average FM changes were

small and thus not significant due to limited power for

detecting small changes in FM. Our slightly lower values

for change in FM and slightly larger values for change in

FFM as compared to what has been reported in medium-

term energy restriction however, can be explained by the

absence of a prescribed energy restriction in our study as

compared to research where subjects were systematically

in negative energy balance (Heymsfield et al. 2014; Muller

et al. 2015).

Our results also indicate that FFM is primarily responsi-

ble for the majority of daily fluctuations in body mass dur-

ing near energy balance conditions. Any variation in

components of FFM, such as muscle, organ, bone or total

body water may impact change in FFM and therefore body

weight. To study the effect of 3-week calorie restriction on

adaptive thermogenesis and body composition, M€uller and

colleagues duplicated the early portion of the Minnesota

starvation experiment in normal weight adults (Muller

et al. 2015). These investigators performed a full body

MRI to study the change in organ mass with calorie

restriction and reported that the loss of FFM was

explained by a decrease in skeletal and liver/kidney mass

(Muller et al. 2015). In particular, each gram of protein in

the organ mass was accompanied by 1.6–3.35 g of water

and therefore contributed to daily changes in FFM

(Heymsfield et al. 2011). It is important to note that FFM

Figure 1. Correlation (y = 0.839x + 0.06) between 2-week change

in body weight (kg) and 2-week change in FFM (kg) using the

combined dataset from cohort 1 (n = 24, red dots) and cohort 2

(n = 22, blue dots).FFM, Fat-free mass.
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is composed of approximately 70–75% of total body water,

that is, the hydration factor (Wang et al. 1999). It is esti-

mated that in healthy individuals the total body water can

fluctuate up to �5% daily (Ew 1996). Therefore, any gain

or loss in the total body water has a large impact on the

daily variations in FFM and therefore body weight.

Body stores of glycogen in muscle, liver, and fat cells

are hydrated with three to four parts water. Geddes and

colleagues in their early studies analyzed liver glycogen

molecule size in vitro and showed that the each gram of

glycogen had 1.5–2.7 g of water attached to it (Heyms-

field et al. 2011). Similarly, each gram of glycogen is

stored in human muscle with 3 grams of water (Fernan-

dez-Elias et al. 2015). The high skeletal muscle glycogen

levels increase the water content of FFM primarily due to

osmotic pressure exerted by glycogen granules within the

muscle sarcoplasm. Investigators have shown that in study

participants following a very low-calorie diet, glycogen

mobilization also mobilized the water associated with the

stores leading to rapid weight loss (Kreitzman et al.

1992). Daily variation in carbohydrate intake or utiliza-

tion in both our datasets and the associated water may

have been a primary contributor to the observed FFM

fluctuation.

Changes in intestinal contents would also be expected

to contribute to short-term weight fluctuation. Gut con-

tents and fecal water contribute to a variability in 100-

300 ml/day water in the fasted state (Institute of Medicine

of the National Academies, 2005; EFSA Panel on Dietetic

Products, Nutrition, and Allergies [NDA], 2010). These

ranges, however, may vary with change in ambient tem-

perature and physical activity level (Institute of Medicine

of the National Academies, 2005; EFSA Panel on Dietetic

Products, Nutrition, and Allergies [NDA], 2010). Physical

activity may also impact FFM hydration factor in the

body at warm ambient temperatures. In a study by Baker

et al. (2009), eight endurance athletes completed 2 h of

interval training in hot temperature followed by a run to

exhaustion, to test the change in total body water using

deuterium oxide dilution method. Investigators reported

a significant correlation between change in body mass

and TBW, showing that much of the change in body

mass with physical activity is contributed by the TBW.

There are limitations to our findings. The body compo-

sition analysis was based on the two-compartment model.

The close agreement between the two cohorts using two

different body composition techniques, namely TBW and

DXA, however, indicates that these two-compartment

hydration assumptions were not violated. Furthermore,

because the studies in both cohorts were performed under

free-living conditions, we did not control the external

variables such as, variation in diet, external temperature

or physical activity, or menstrual changes for women, and

thus could determine specific causes for individual varia-

tions in FFM that we observed. Although, our sample size

was small for a formal assessment of gender differences,

the analyses of change in body weight separately in men

and women, did not indicate a significant influence of

gender on body composition change in our combined

dataset.

Although our combined dataset included some subjects

who gained weight while losing FFM and some other who

lost weight while gaining FFM these results are not sur-

prising for these small changes in weight given the near

precision limits of body composition methods. For exam-

ple, while isotope dilution is a standard method for body

composition measurement, to attaining a precision of

<1% in the measurement of FFM from TBW requires

close attention to technical details. Any slight imprecision

in any aspect of measurement including dose preparation,

administration of tracer dose, sample collection, isotope

analysis, and several other experiment specific variables

may lead to random errors of hundreds of grams (Bhu-

tani et al. 2015). The precision of DXA is also on the

order of hundreds of grams for FFM and FM and this

becomes a limiting factor because body composition mea-

sures are not as precise as the measurement of body

weight. Muller et al. (2012) showed that all body compo-

sition methods are limited by random error of measure-

ment, that is, the imprecision and errors involved in

practical applications that limit the minimal detectable

change in outcome variable . One should not expect that

weight change alone in free-living individuals can distin-

guish between total energy balance and long-term nega-

tive or positive energy balance of less than 500 kcal/d in

an individual. This is primarily because in both of these

conditions, body weight will not change by more than 1

or 2 kg over a 2-week period. Based on our findings, in

subjects who report not consciously attempting to lose or

gain weight, short term changes in body weight would be

expected to largely composed of FFM. Thus, for subjects

under unrestricted, free-living conditions (i.e., without

systematic long-term weight change), the energy density

for small short-term fluctuations in body weight would

correspond to about 2380 kcal/kg or about 2 kcal/g. As

such the contribution of energy stores to the energy bal-

ance equation appears to be small (Thomas et al. 2009;

Hall et al. 2011).

In summary, we report a relatively larger contribution

of FFM (84%; mainly body water), as compared to FM

(16%), to fluctuations in body weight over 2-weeks under

unrestricted free-living conditions. We also show that the

energy density of short-term changes in body energy

stores is small. Our findings provide important insights to

short-term, near energy balance studies where body com-

position cannot be easily measured.
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