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ABSTRACT 
 
Low levels of physical activity combined with food 
intake in excess of daily energy expenditure over 
extended time periods precede weight gain and 
promote increases in body fat. Obesity and related 
insulin resistance are common sequelae of a 
chronically positive energy balance, potentially 
resulting in type 2 diabetes (T2D) and 
nonalcoholic/metabolic dysfunction associated fatty 
liver disease (NAFLD/MAFLD). The percentage of 
individuals considered as obese and morbidly obese 
is continuously rising and developing countries are 
catching up quickly as compared to industrialized 
nations. If the observed trend continues, global obesity 
prevalence will prospectively reach more than 21% in 
women and 18% in men by 2025. In addition to poor 
dietary habits, physical activity levels have decreased 
in recent decades in parallel with an increase in 
sedentary behavior. Given the technological advances 
in domestic, community, and working spaces in the 
last century it is not uncommon for people in 
industrialized countries to spend one half of their day 
sitting. As well, for a majority of people, voluntary 
physical exercise remains of minor importance. Non-
Exercise Activity Thermogenesis (NEAT) refers to that 

portion of daily energy expenditure resulting from 
spontaneous physical activity that is not specially the 
result of voluntary exercise. Levels of NEAT ranges 
widely, with variance of up to 2000 kilocalories per day 

between two individuals of similar size. These 
differences are related to complex interactions of 
environmental and biological factors, including 
people’s differing occupations, leisure-time activities, 
individual molecular and genetic factors, and evidence 
that food intake has independent effects on 
spontaneous physical activity. Available data support 
the hypothesis that targeting NEAT could be an 
essential tool for body weight control. This 
comprehensive review systematically describes the 
definition, evaluation methods, and environmental and 
biological factors involved in the regulation of NEAT. It 
further emphasizes the association with obesity and 
related disorders and suggests practical relevant 
implications, but also potential limitations for the 
integration of NEAT in daily life. 
 
INTRODUCTION 
 
The prevalence of obesity and resultant adverse 
health implications continues to rise in both sexes in 
the United States and worldwide (1). In 2011 Finucane 
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et al. estimated international trends of mean, age-
standardized, body mass index (BMI) and suggested 
that an estimated 1.46 billion adults worldwide had 
BMI of 25 kg/m² or greater, of these 205 million men 
and 297 million women were considered obese (2). 
Indeed, between 1980 and 2008 the prevalence of 
adult obesity (BMI ≥ 30 kg/m2) has risen in every sub-
region of the world except for Central Africa and South 
Asia (2). The mean BMI increase was reported to be 
0.4 kg/m2 per decade for men and 0.5 kg/m2 for 
women (2). Comparable data have been presented by 
the NCD Risk Factor Collaboration Trial (3). With a 
focus on industrialized countries, the most prominent 
increases of mean BMI have been observed in the 
United States, followed by the United Kingdom and 
Australia. The United States had the highest BMI of all 
studied high-income countries, recent data from the 
U.S. National Health and Nutrition Examination 
Survey indicate that obesity affects approximately 
35% of the male and 40% of the female population (1, 
4, 5). Similarly, populations of European and Eastern 
Mediterranean countries show an overweight 
prevalence of up to 50% (6). Further data indicate that 
compared to 1975, childhood obesity is much more 
common in 2016, with one obesogenic key driver in 
this group representing reduced physical activity (3, 
7). This continuous rise in the incidence and 
prevalence of overweight and obesity in children, 
adolescents, and adults in the past century has 
created major burdens for national health care 
systems worldwide. 
 
Obesity-related diseases are typically of chronic 
nature and include type 2 diabetes mellitus (T2D), 
nonalcoholic/metabolic dysfunction associated fatty 
liver disease (NAFLD/MAFLD), peripheral artery and 
cardiovascular disease, sleep apnea, hypertension, as 
well as various cancers. In the United States, seven 
out of the leading ten causes of premature death and 
disability are represented by chronic diseases related 
to obesity (8). In fact, obesity is one of the most 
important avoidable risk factors for significant 

morbidity and premature mortality, leads to impaired 
quality of life, can elevate disability rates, and 
statistically reduces expected life span by seven years 
(9, 8, 10, 11). 
 
The etiology of obesity is multifactorial, resulting from 
genetic and epigenetic, physiological, behavioral, 
sociocultural, and environmental factors leading to an 
imbalance between energy intake and expenditure 
(12). To this end excess body fat consistently results 
from a period of sustained net-positive energy 
balance, followed by homeostatically regulated weight 
maintenance. The roles of diet and caloric intake in 
these processes have been the principal focus of most 
mechanistic studies. In countries with high obesity 
prevalence rates, nutritional quality is mostly poor, but 
there is a controversy as to whether increased energy 
intake alone can explain the obesity epidemic. Trends 
for improved dietary quality and reduced energy intake 
have been observed in recent decades in the United 
Kingdom and among parts of the U.S.-population (13–
15). For instance, since the 1980s obesity prevalence 
has substantially risen in Great Britain, while caloric 
intake appeared to decline on a population level (12). 
In order to explain such findings it was hypothesized 
that if physical activity decreases, body weight may 
increase if energy intake is not altered (16). Therefore, 
under conditions of unchanged caloric intake, the 
amount of daily physical activity emerged as major 
predictor (1, 17). Accordingly, the National Weight 
Control Registry of the United States has identified 
strategies for maintaining weight loss, which include 
engagement in higher levels of physical activity (1). 
Therefore, greater attention has been paid to 
addressing the energy expenditure side of the caloric 
balance equation, in particular with regards to 
prevention of body weight regain after successful 
weight loss. 
 
NON-EXERCISE ACTIVITY THERMOGENESIS: A 
SIGNIFICANT COMPONENT OF DAILY ENERGY 
EXPENDITURE 
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Daily total energy expenditure (TEE) is the net amount 
of energy utilized by animals and humans to maintain 
core physiological functions and locomotion. Three 
main components of energy balance determine TEE: 
Basal metabolic rate (BMR), the thermic effect of food 
(TEF), also called diet-induced thermogenesis, and 
the energy expended for physical activity (18). 
Additional components may exist (e.g. energy costs of 
emotion), but apparently play a minor role with respect 
to energy balance (19–22). Multiple factors 
significantly affect our daily energy needs, including 
age, body composition, thyroid hormone status, 
catecholamine levels/sympathoadrenergic activity, 
ambient and body temperature, disease states, and 
certain medications (19, 18). 
 
Basal Metabolic Rate 
 
Basal metabolic rate (BMR) represents the minimal 
amount of energy expended to maintain all the body’s 
vital processes at rest (the basal state). BMR is 
essentially a function of lean body mass (LBM), which 
is estimated to account for 80% of BMR within and 
across species (23–29) . BMR is sometimes 
misinterpreted to imply the lowest level of energy 
expenditure during the day. This is, however, not true, 
since during sleep or undernutrition metabolic 
functions may be lower than that observed under 
basal conditions (27). In free-living individuals, BMR 
accounts for the main percentage of TEE (Figure 1), 
in healthy subjects with mainly sedentary occupations 
it predicts around 60% of the variance (22). Otherwise 
it is proportionally larger in individuals with minimal 
physical activity (e.g., in sedated and ventilated 
patients on an intensive care unit) (30). 
 
Of note, it is not uncommon that the term resting 
energy expenditure (REE) is synonymously 
interchanged with BMR. However, BMR is measured 
in completely rested subjects, both before and during 
the measurements. Therefore, measurements are 

classically taken in the morning after 8 hours of sleep. 
Subjects should be lying supine, fully awake, and be 
fasted for at least 10-12 hours. The environment in 
which the measurements are taken should be thermo-
neutral (22–26 °C) so that no thermoregulatory effect 
on heat production biases the results (19); and 
subjects should be free from emotional stress and 
familiar with the measurement apparatus (27). By 
contrast, REE is equivalent to postabsorptive energy 
expenditure at complete rest at any time of the day and 
can vary as much as 10% from BMR (21). 
 
Some studies suggest BMR is reduced in those prone 
to become obese (31–33). It is, however, a matter of 
controversy as to whether a reduction of energy 
expenditure due to a decrease in BMR sufficiently 
explains the positive net energy balance that 
contributes to excess weight gain in the majority of 
subjects who become obese (34–36). On the other 
hand, LBM can be enlarged or even preserved by 
means of regular physical activity, which in turn can 
favorably modulate BMR (1, 37–39). 
 
Thermic Effect of Food 
 
Thermic effect of food (TEF) is the increment of energy 
expenditure above REE following meal ingestion that 
reflects the energy cost (burned) during food 
digestion, absorption, and storage. It is a relatively 
stable component of total energy expenditure (Figure 
1). Thermic effect of food typically ranges between 8-
15% of TEE and the variance of TEF has been 
associated with nutrient composition and energy 
content of consumed foods (40). 
 
Physical Activity: EAT and NEAT 
 
Physical activity is the second most significant 
contributor to TEE in most people (Figure 1). It is 
defined as the additional energy expenditure above 
REE and TEF that is required for performing daily 
activities and therefore also called physical activity-
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related or simply activity-related energy expenditure 
(PEE/AEE). PEE/AEE can be categorized into 
exercise-related activity thermogenesis (EAT) and 
non-exercise activity thermogenesis (NEAT). Both 
vary widely within and between individuals. 
 
For the majority of subjects in industrialized countries, 
exercise is believed to be negligible (20). According to 
NHANES data, 36.1% of the studied US population 
was categorized as sedentary, while a further 47.6% 
were physically active at low levels (40, 41). 
Remarkably, only around 16% of subjects in NHANES 
met recommended guidelines for physical activity or 
were highly active. Even so, the latter subjects did not 
necessarily exercise (42, 43, 41). Thus, it is 

reasonable to conclude that on a population level the 
percentage of subjects engaging in regular, intense 
physical exercise is low. In those who habitually 
participate in purposeful physical training, EAT is 
believed to maximally account for 15-30% of TEE (18, 
44). Other authors suggest that the majority of 
subjects undergoing regular physical training, defined 
as “bodily exertion for the sake of developing and 
maintaining physical fitness,” do not exercise more 
than two hours a week, accounting for an average 
energy expenditure of 100 kilocalories (kcal) per day 

(45).  Such expenditure would contribute to only 1-2% 
to the variance of TEE. Taken together, for most 
human subjects EAT seems to not be a major 
contributor to TEE variance. 

 

 
Figure 1. Model of human energy expenditure components (adapted from (46)). Exercise-related physical 
activity is comparable to exercise-related activity thermogenesis (EAT), while spontaneous physical 
activity is comparable to non-exercise activity thermogenesis (NEAT); for further explanations see text. 
Note that parts of spontaneous physical activity are beyond voluntary control, also called “fidgeting.” 
Arrows symbolize the multiple and varying impacts of individual factors, genetic background, and 
environment. 
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In contrast, NEAT comprises the largest share of daily 
activity-related thermogenesis, including for most 
subjects engaging in regular physical training. It is 
important to note that both NEAT and spontaneous 
physical activity are not interchangeable but represent 
complementary concepts (47): NEAT refers to energy 
expenditure, while spontaneous physical activity 
describes the types of bodily activity that are not 
defined as purposeful movements but still contribute 
to NEAT. Some authors categorize NEAT into three 
main subcomponents comprising body posture, 
ambulation, and all other spontaneous movements 
including “fidgeting” (48). Accordingly, a certain 
percentage of spontaneous physical activity (and 
therefore NEAT) is beyond voluntary control (e.g., 
“fidgeting”). 
 
NEAT corresponds to all the energy expended with 
occupation, leisure time activity, sitting, standing, stair 
climbing, ambulation, toe-tapping, shoveling snow, 
playing the guitar, dancing, singing, cleaning, and 
more (20, 22). These activities do not characteristically 
involve moderate- to vigorous-intensity activities in 
comparable manner as voluntary exercise, but occur 
at a low energy workload for minutes and up to hours 
(12). 
 
The importance of NEAT becomes apparent when 
considering the following points: The variability in BMR 
between individuals of similar age, BMI and of equal 
gender ranges around 7-9% (49), while the 
contribution of TEF is maximally 15%. Thus, BMR and 
TEF are relatively fixed in amount and account for 
approximately three quarters of daily TEE variance. As 
EAT is believed to be negligible on a population level, 
NEAT consequently represents the most variable 
component of TEE within and across subjects. It is 
responsible for 6-10% of TEE in individuals with a 
mainly sedentary lifestyle and for 50% or more in 
highly active subjects (47, 22, 29). 
 

Taken together, with respect to body mass regulation 
and modification of energy balance, NEAT must be 
considered as a factor with potentially major impact. 
This is of particular interest in terms not only of 
developing therapeutic strategies for the patient with 
obesity, but also for designing obesity-prevention 
strategies for populations. The following sections will 
focus on these issues, including the environmental 
and biological modification of NEAT. 
 
Measurement of NEAT 
 
For a better understanding of the potential role of 
NEAT in the context of obesity it is essential to 
recognize the strengths and limitations of available 
techniques used for the quantification of NEAT.  
 
NEAT can be principally measured by two 
approaches: 1) by assessing total NEAT, and 2) by 
using the factorial approach (for extensive reviews of 
available techniques see (50, 51)). 
 
TOTAL NEAT 
 
Assuming that EAT is negligible, total NEAT can be 
calculated by subtracting BMR and TEF from TEE 
(16): 
 
Equation 1:  NEAT = TEE – (BMR + TEF) 
 
To complete equation 1, TEE, BMR and TEF need to 
be measured. Under free-living conditions TEE can be 
reliably measured by using the doubly-labeled water 
method (16). This approach requires the application of 
stable isotopes (deuterium/2H2 and O18) containing 
water (2H2O18). The difference in the clearance rate of 
the two isotopes equals carbon dioxide (CO2) 
production generated during energy production and 
thus represents quantification of TEE (52) (Figure 2). 
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One necessary precondition of the doubly-labeled 
water method is that the O2 of expired CO2 is in 
equilibrium with the O2 in body water. Once ingested, 
O18 will be readily distributed in the systemic H2O, 
H2CO3 and CO2 pools. 2H2 will be dispensed in body 
water and the H2CO3 pool (equation 2). 
 

Equation 2:  CO2 + H2O ↔ H2CO3 
 
The concentration of labeled O2 in body water will then 
decrease over time due to a loss of CO2 with 
expiration, perspiration, and in excreted body water 
(urine).  2H2 is mainly lost through excreted body fluids, 
yet a small percentage can be incorporated into body 
fat or protein. Since body water becomes tagged with 
known amounts of tracers at the same time at the 
beginning of the measurement period, the difference 

of elimination rates of both tracers equals CO2 
excretion. 
 
Doubly labeled water is usually administered at 
baseline after samples of blood, urine and saliva have 
been collected (21). Subsequent sample collections 
occur within 7-21 days after administration, when the 
isotopes are completely dispersed within body 
compartments. Isotope-ratio mass spectroscopy is 
used to measure 2H2 and O18 enrichments in collected 
samples, which are needed to finally calculate CO2 
production. Thereby, TEE can be ascertained under 
free-living conditions with an error of about 6-8%. This 
error can be minimized by repeatedly gathering 
samples over the measurement period rather than 
relying on only two time points. 
 

 
Figure 2. Schematic picture of the doubly labeled water method. CO2, carbon dioxide; 2H2, deuterium; 
O18, labeled oxygen. 
 
It should be mentioned that the study of TEE 
classically relied on direct calorimetry (49, 18). Direct 
calorimetry, or direct measurement of heat loss from a 
subject, is achieved by using well-controlled 
environmental chambers. However, this requires 
participants to be confined to small rooms, which fails 

to capture the enormous variety of NEAT components 
in free-living individuals (21, 22). 
 
By contrast, indirect calorimetry is an easily accessible 
and portable method commonly used to assess BMR, 
RMR and TEF. Indirect calorimetry is based on the 
principle that by measuring oxygen consumption 
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(VO2), CO2 excretion (VCO2), or both over a defined 
time span, the metabolic conversion of fats, 
carbohydrates, and proteins into energy can be 
calculated using established formulae (18). The net 
energy released is typically expressed as kcal or 
Kilojoule (kJ). The small percentage of physiological 
protein oxidation can be estimated by nitrogen 
excretion in urine, or can be neglected without adding 
a substantial error in subjects who are in stable 
nitrogen balance (18). 
 
Indirect calorimetry is accordingly one of the most 
commonly used approaches in clinical investigations, 
either in controlled metabolic-ward studies or in field 
settings. For instance, Levine et al. in their study on 
human NEAT applied indirect calorimetry to measure 
BMR and TEF (53). To measure TEF they provided 
participants with a meal containing a third of the 
subject’s daily weight maintenance energy needs. To 
estimate TEF over 24 hours, the measured energy 
expenditure area-under-the-curve obtained when they 
ate the standardize meal was multiplied by three (16). 
Alternatively, study protocols may ignore TEF as a 
non-substantial variable, or simply multiply TEE by 0.1 
to yield a crude estimate. 
 

When sensitive techniques are not available, BMR can 
be alternatively estimated by using validated age-, 
gender- and population-specific equations. For 
instance, the Harris-Benedict equation is widely used 
in clinical settings (18). However, this equation was 
derived from about 300 healthy, normal-weight 
Caucasian adults between 1907 and 1917 and its 
application, therefore, has limitations (18). Substantial 
error could be introduced by applying it to an 
inappropriate collective, including subjects who are 
with obesity, which is also true for other validated 
equations estimating BMR (18). 
 
The physical activity level (PAL) is frequently used in 
studies to provide an index of activity when 
measurement of total NEAT is not possible. It is 
calculated by expressing TEE relative to BMR (15). 
Sedentary subjects in industrialized countries typically 
have a PAL of approximately 1.5 (see Table 1). The 
PAL rises to values of 2.0-2.4 with strenuous work and 
under certain conditions it can increase to values up to 
3.5-4.5 (22). Using PAL, however, can also introduce 
significant bias in the assessment of NEAT, as under 
free-living conditions the cumulative error of PAL 
measurements can be as high as 7% (21). 

 
Table 1. Physical Activity Levels (PAL) Predicted From Lifestyle (from 16). 
Chair or bed bound 1.2 
Seated work with no option of moving around and little or no strenuous 
leisure activity 

1.4 – 1.5 

Seated work with discretion and requirement to move around but little or 
no strenuous leisure activity 

1.6 – 1.7 

Standing work (e.g., homemaker, shop assistant) 1.8 – 1.9 
Strenuous work or highly active leisure 2.0 – 2.4 

 
THE FACTORIAL APPROACH OF NEAT 
MEASUREMENT  
 
Measuring total NEAT or using PAL provides no 
information regarding the individual components 

contributing to PEE/AEE. Therefore, the factorial 
approach is widely used to estimate NEAT 
constituents. Accordingly, all physical activities of a 
subject of interest are recorded over a defined time 
span, typically seven days. The energy equivalent of 
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each activity is determined, and these equivalents are 
then apportioned according to the time spent by the 
individual with the respective activities. Finally, the 
data is totaled to get an estimate of the energy 
expenditure attributable to NEAT (21, 22). The first 
step when using the factorial approach is the 
quantification of a subject’s physical activities. Several 
methods are available to obtain such information, 
including questionnaires, interviews, and activity 
diaries. These approaches might be useful for 
estimates of particular activities, such as those related 
to occupational duties. Otherwise, they have 
substantial limitations, including inadequate or 
incomplete data recording, alteration of habits during 
assessment periods, and others (21, 22). 
 
Measuring NEAT is a complex task when intensities of 
transition movements and fidgeting-like activities are 
the matter of research interest. By applying a 
combination of direct calorimetry and motion 
detectors, Ravussins’s group have shown that there is 
a considerable inter-person variability of daily energy 
expenditure, even after adjustment for differences in 
LBM (29). A large percentage of this variability among 
individuals was due to variability in the degree of e.g., 
"fidgeting." Thus, estimation of fidgeting-like activities 
represents a substantial subcomponent under 
conditions of NEAT measurement. However, 
subcomponents such as “fidgeting” might not be 
captured by many methods. Levine et al. proposed an 
accelerometer method that could predict 86% of 
activity related energy expenditure for the posture and 
locomotion component of NEAT compared with a 
room calorimeter, but predicted only 50% of the 
variance in fidgeting and did not discriminate various 
types of fidgeting (50). Therefore, more technically 
advanced approaches have been developed. Among 
these are motion detectors, floor-pressure-pad 
displacement, cine photography, pedometers, 
accelerometers, and global positioning systems (GPS) 
(21, 22). Recently, portable intelligent devices for 
energy expenditure and activity assessment were 

used to study subtypes of NEAT by the method of 
mechanical modeling (54). 
 
However, depending on the degree of sophistication, 
all these approaches have limitations. While data 
obtained from triaxial accelerometers typically found in 
wearable activity monitors is often used as an estimate 
of activity-related energy expenditure, they only 
measure actual movements (not energy expended), 
and a combination of methods probably yields the 
most appropriate estimates (21, 22). For example, 
energy costs of single NEAT components are typically 
measured by means of indirect calorimetry, for which 
highly sophisticated portable systems are now 
available. Alternatively, tables with listed energy costs 
of NEAT activities may be used. This latter method is 
convenient and inexpensive, but for similar reasons as 
pointed out for PAL, substantial systematic errors can 
be introduced (21). Similar problems will arise when 
NEAT is assessed by multiple linear regression 
approaches at a population level (55). 
 
Furthermore, principal problems ascend with the 
NEAT measurement per se, as little validated 
information is available concerning the time necessary 
to representatively assess spontaneous physical 
activity. Many studies report extrapolation of 
measured results of an individual’s energy 
expenditure obtained during a limited timeframe to 
longer intervals. In this regard, experienced 
investigators believe that measurements of 
approximately seven days will likely provide a 
representative assessment regarding a 2-4 month 
time span (21). 
 
Taken together, the difficulty of getting true estimates 
under free-living conditions is a major reason why 
available information on human NEAT physiology is 
limited. Representative studies are needed that are 
conducted over appropriate time spans (months) and 
utilize a combination of the factorial approach and total 
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NEAT measurement to overcome major limitations in 
current estimates. 
 
INDIVIDUAL AND ENVIRONMENTAL 
DETERMINANTS OF NEAT 
 
There is a close interplay between environmental 
factors and individual characteristics with respect to 
NEAT as discussed below.  
 
Effects of Occupation, Gender, and Age 
 
Highly physically-active individuals expend up to three 
times more energy in 24-hours than subjects with 
negligible bodily activity (56). As previously discussed, 
NEAT accounts for a significant proportion of the 
observed differences at the population level TEE. 
Thereby, occupation clearly represents the key 

determinant of NEAT (45). Indeed, NEAT can vary by 
as much as 2000 Kcal per day when comparing two 
adults of similar body size, lean body mass, age and 
gender (Figure 3).  
 
For an average worker spending most of her/his time 
in a seated position, occupational NEAT is relatively 
low and associated energy costs range at a maximum 
of 700 kcal per day (Figure 3). A comparable person 
working mainly in a standing position can increase 
their occupational NEAT to up to 1400 kcal per day, 
while an agricultural occupation would theoretically 
result in NEAT categories ranging around 2000 kcal 
per day or more (Figure 3) (45). Thus, occupations 
relying on intense physical activity can expend 1500 
kcal per day more than a sedentary job.  
 

 
Figure 3. The effect of occupational intensity on NEAT (adapted from (45)). The data assume a BMR of 
1600 kcal per day. 
 
This variation in daily NEAT between individuals and 
populations becomes even more accentuated when 
considering research from non-industrialized 

countries (57, 58). For instance, a study by Levine and 
colleagues included more than 5000 inhabitants of 
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agricultural regions of the Ivory Coast of Africa (Figure 
4).  
 

 
Figure 4. Gender- and age-dependent physical activity levels (time engaged in work activities) of people 
living in agricultural communities of the Ivory Coast in Africa (adapted from reference (58)). 
 
Each subject was studied over seven days and all of 
their daily tasks were recorded by a trained evaluator 
(58). Several lines of available evidence regarding 
NEAT were established from this study. First, a 
substantial effect of gender was observed as women 
apparently worked more than men in these societal 
constructs. Women were responsible for more than 
95% of domestic and for an additional 30% of 
agricultural tasks. Otherwise, men exclusively worked 
in agricultural occupations and had more leisure time, 
resulting in substantially lower NEAT than women (45, 
58). In contrast, men in Canada, Australia or the 
United Kingdom are reported to be up to three times 
more physically active than females, while data from 
the United States indicate comparable activity levels 
of genders (59, 60). Even less data is available on 
NEAT in children, but in general boys seem to be 
reproducibly more active than girls (61, 62).  

 
A second important observation from the study of 
Levine et al. is the fact that decreased occupational 
NEAT was observed with aging (Figure 4) (58). An 
age-related decline of NEAT had been previously 
reported across species (63). The underpinnings for 
this age-effect on NEAT in free-living humans has 
been reported by Harris et al. (64), who showed that 
the substantial decrease in elderly as compared to 
younger subjects was mainly attributable to the 
ambulation subcomponent of NEAT. Elderly subjects 
walked less distance despite having a comparable 
number of daily walking periods compared to their 
younger counterparts. Indeed, elderly subjects 
performed 29% less non-exercise activity, 
corresponding to three miles less ambulation per day 
(64). 
 



 
 
 
 

 
www.EndoText.org 11 
 

A further factor that should be considered to potentially 
impact NEAT could be sleep restriction. It was shown 
that subjects with 5.5 compared to 8.5 hours nighttime 
sleep opportunity had 31% fewer daily activity counts, 
spent 24% less time engaged in moderate plus 
vigorous physical activity and became more sedentary 
(65). However, the significance of these findings is 
currently limited to time spans over few weeks and it 
remains therefore unclear as to whether the results 
are also valid in terms of common problems, such as 
chronic sleep insufficiency or shift working. Although, 
some short-term experiments support the latter 
findings, conflicting data have also been reported on 
that matter (66–69). Future research will need to 
validate these associations and, if true, better 
understand mechanisms underlying restricted sleep 
time and alterations in PEE/AEE. Sleep restriction 
should be nevertheless regarded as potential biasing 
factor in future research projects on NEAT.  
  
Industrialization and Societal Status 
 
Industrialization and societal status are distinctive 
factors affecting NEAT. Urban environment and 
mechanization are associated with a decrease in daily 
physical activity. For example, it was shown that sales 
of labor-saving domestic machines (e.g. washing 
machines) and obesity rates are closely correlated in 
the U.S. population, while this association was not 
present with respect to energy intake (20, 22). 
Furthermore, it is known that poverty and societal 
aspects comprising neighborhood and educational 
status are associated with increased consumption of 
energy-dense foods, which is thought to contribute to 
higher obesity rates reported in lower socioeconomic 
groups (70, 71). Highly educated individuals report 
more leisure-time physical activity and are three times 
more likely to be physically active as compared to less 
educated individuals (20, 22). 
 
Seasonal Effects 
 

Seasonal variations also play a role for NEAT. Time 
spent in activity is twice as likely during the summer as 
compared to winter months and contributions to 
activity from agricultural or construction work plays a 
greater role in the summer season (20). 
 
Together, available data indicate close relationships 
between environmental conditions and biological 
aspects of NEAT. Evidence suggests that the 
contribution of occupational activity to NEAT can vary 
by 2000 kcal per day. Since the accumulation of 
excess body fat is a result of positive energy balance, 
subtle perturbations of energy balance over sustained 
time periods are theoretically capable of contributing 
to unwanted weight gain. But once weight stability is 
again established at a higher weight, energy 
expenditure and energy intake need to be precisely 
matched to achieve a long-term persistency of body 
mass, as an error of 1% would lead to a gain or loss 
of 1 kg per year or some 40 kg between the ages of 
20-60 years. Therefore, small alterations of energy 
balance by means of NEAT could theoretically result 
in significant effects with respect to severity of obesity 
in an individual and the prevalence of obesity in a 
population. Consequently, when considering how to 
influence NEAT as a strategy for the treatment or 
prevention of obesity, a central question arises: In 
what fashion does NEAT interact with another 
environmentally-influenced factor involved in energy 
balance, that of energy intake? 
 
Alteration of NEAT with Varying Energy 
Availability from Foods 
 
Alteration of energy balance is followed by multiple 
adaptations, but relatively few studies have addressed 
modulation of spontaneous physical activity and NEAT 
by variations in nutritional energy intake. The latter is 
part of the concept of adaptive thermogenesis (72).  
 
Adaptive thermogenesis refers to changes in REE, 
EAT and NEAT, which are independent of changes in 
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LBM and are, instead, modulated by other factors, 
including increased or decreased caloric intake (72). 
With caloric restriction, both REE and non-resting 
energy expenditure substantially contribute to 
changes in adaptive thermogenesis (72). Interestingly, 
in most studies, alterations in adaptive thermogenesis 
in response to overfeeding are in large part explained 
by raised non-resting energy expenditure (e.g., 
NEAT). However, the individual ability to adapt NEAT 
to manipulations of energy balance is highly variable 
between subjects and situations, particularly with 
respect to overfeeding (39). But if an individual is able 
to generate a significant upregulation of NEAT in the 
face of positive energy balance brought about by an 
increase in food intake, they may be more able to 
prevent obesity (34). 
 
 NEAT UNDER CONDITIONS OF OVERFEEDING  
 
As discussed above, by using a combination of direct 
calorimetry and motion detectors, Ravussin et al. have 
shown that the inter-person variability of TEE is 
considerable and remains significant even after 
adjustment for LBM (29). A substantial percentage of 
this variability is explained by differences in 
spontaneous physical activity including “fidgeting” 
(29). Fidgeting-like activities accounted for a range in 
energy expenditure of 100-800 kcal per day in the 
subjects. Interestingly, the researchers observed 
elevated spontaneous physical activity levels in 
subjects with obesity as compared to those who were 
lean, indicating a positive relationship with elevated 
body mass. However, the latter study was performed 
under isocaloric conditions and over a short 
observation period. Therefore, the importance of this 
report was to establish the significance of 
spontaneous physical activity for energy balance, but 
whether acute variability in energy intake affects 
NEAT was not addressed. In their “weight clamping” 
study, Leibel et al. (73) overfed adults who were lean 
and overweight/obese by 10%, or approximately with 
5000-8000 kcal per day over 4-10 weeks, followed by 

a weight maintenance period. Body composition, fecal 
caloric loss, TEE, REE, TEF and spontaneous 
physical activity were measured using multiple 
technical approaches including indirect calorimetry, 
the doubly labeled water method, and activity trackers 
in a subgroup (73). They showed that maintaining a 
10% elevated body mass induced a significant 
increase of TEE by 9±7 kcal per kg LBM per day in 
subjects who had not been previously obese and by 
8±4 kcal per kg LBM per day in those who had formerly 
been obese (73). The majority of this rise in TEE was 
attributable to non-resting energy expenditure. The 
magnitude of this effect was comparable in those who 
had previously not been obese and those who had 
been overweight or obese, indicating similar 
adaptations to overfeeding conditions (73). However, 
a related review pointed out the large inter-individual 
variability regarding the capability to adjust energy 
expenditure with overfeeding in the “weight clamping” 
experiments (46) and emphasized that in other human 
over-feeding studies there is a wide range of individual 
weight gain per unit of excessively consumed energy. 
Therefore, it can be proposed that some individuals 
show a remarkable capacity to increase energy 
expenditure in response to overfeeding, while others 
do not (46). It was further suggested that spontaneous 
physical activity, and accordingly NEAT, likely play an 
important role regarding the impact on body weight 
under such conditions. 
 
Levine’s group was the first to systematically 
investigate the effect of overfeeding on the individual 
ability to adapt NEAT in free-living subjects (53). Using 
sophisticated methods and measuring NEAT over a 
representative time span, the authors overfed 16 
volunteers (12 males, 4 females; age ranging from 25-
36 years) by 1000 kcal per day over their weight 
maintenance requirements (20% of the calories came 
from protein, 40% from fat, 40% from carbohydrates). 
The energy surplus was paralleled by a mean TEE 
increment of 554 kcal per day. In this study 14% of this 
TEE increase was attributable to a rise in REE, 
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approximating by 79 kcal per day. A further 25% of the 
TEE increment (136 kcal per day) corresponded to an 
increase in TEF, probably due to the relatively high 
percentage of protein intake. The most prominent 
effect was, however, attributable to enhanced physical 
activity thermogenesis, corresponding to around 336 
kcal per day. As volitional exercise of the study 
subjects remained at a constant low level and since 
the authors did not detect changes in exercise 
efficiency, they concluded that about 60% of the 
increase in TEE due to overfeeding was attributable to 
NEAT (53). Again, however, the change in NEAT 
varied remarkably between subjects, ranging from -98 
to +692 kcal per day. The maximal individual increase 
of NEAT constituted 69% of the excessively 
consumed 1000 kcal per day in this study (74). 
Moreover, the change in NEAT was directly predictive 
of the individual vulnerability or resistance to body fat 
accumulation (53). 
 
A recent randomized study enrolled young aged 
female and male participants with variable BMI (19-30 
kg/m2) and used gold standard methods to investigate 
not just the effect of caloric overfeeding, but also of 
protein intake on PEE/AEE (75). 140% of caloric 
needs including 5, 15, or 25% of energy from protein 
was fed for 56 days. Caloric overfeeding resulted in 
increased physical activity and correspondingly 
PEE/AEE including NEAT, even after adjustment for 
changes in body composition. By contrast, changes in 
physical activity were not related to protein intake. The 
authors concluded that increased PEE/AEE in 
response to weight gain might be one mechanism of 
modulating adaptive thermogenesis (75). But the 
results indicate also that the observed increase in 
activity was not likely effective at attenuating weight 
gain. 
 
Other recent reports have failed to detect 
compensatory increases in spontaneous physical 
activity during short-term overfeeding in humans (76–
80). While in several cases, methodological 

differences make them less directly comparable to 
Levine’s study, (76, 56, 77, 79), a study by Siervo et 
al. used state-of-the-art methods and applied a highly 
standardized 17-week protocol with progressive 
overfeeding from 20-60% energy in excess of 
maintenance needs (81) in lean, healthy men. Three 
sequential intervals of stepwise overfeeding were 
each separated by one week of ad libitum energy 
intake. In agreement with previous findings, between-
subject variability concerning weight change during ad 
libitum phases was high (63). However, in contrast to 
Levine’s study (53), Siervo et al. failed to detect a 
significant systematic change in spontaneous physical 
activity (81). The authors therefore concluded that 
systematic elevations in energy intake induce very 
limited counter-regulatory responses in energy 
expenditure (63). 
 
In summary, these data underscore the highly 
individual compensatory response regarding adaptive 
thermogenesis to overfeeding. From Levine and 
Apolzan et al., supportive evidence is provided for the 
susceptibility to gain body mass under standardized 
overfeeding conditions and identifies an individual’s 
ability to adapt NEAT as a potential modulator (75, 53, 
20, 34). In accordance with findings of other 
overfeeding studies (reviewed in (74)), adaptations in 
thermogenesis by changes in NEAT observed 
between individuals may explain why some individuals 
are particularly susceptible or resistant to weight gain. 
The potential impact of age on these adaptational 
mechanisms remains unclear and should be 
addressed by future research. 
 
THE IMPACT OF CALORIC DEPRIVATION ON 
NEAT   
 
While evidence with respect to systematic NEAT 
upregulation under overfeeding conditions remains 
somewhat controversial, TEE and spontaneous 
physical activity are consistently influenced with 
energy deprivation in the majority of available studies 
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(72, 80). This is of importance as most subjects who 
are overweight or have obesity try to lose body mass 
through various calorie-restricted dietary strategies. 
 
The first study to quantitatively investigate adaptive 
thermogenesis under conditions of food restriction 
was the Minnesota Starvation Experiment (reviewed in 
(46, 49, 72)). This evaluation showed a marked 
reduction in TEE that was later reproduced by 
numerous studies, independent of pre-starvation BMI 
or method used to induce weight loss (reviewed in 
(72)). For instance, Leibel et al. in a second arm of 
their “weight clamping” experiment evaluated the 
effect of a 10% body mass reduction, followed by 
weight maintenance at this level (73). While 
overfeeding was accompanied by a 16% increase of 
adjusted TEE, weight reduction from underfeeding 
induced a 15% decrement (57). As compared to 
overfeeding, it is well accepted that both REE and non-
resting energy expenditure are affected by energy 
deprivation in humans and animal models (82, 72, 80).  
 
These findings are supported by results from the so-
called Biosphere 2 experiment, where the authors 
demonstrated a major reduction of TEE and 
spontaneous physical activity with body mass 
reduction over a two-year time period, which persisted 
after six months of body weight regain (46, 83). 
Demonstrated TEE reductions by adaptive 
thermogenesis in weight-regainers has been 
reproduced in other human studies (72). Of note, 
when subjects recover from starvation they 
spontaneously overeat and, moreover, if weight loss-
induced adaptive thermogenesis persists (e.g. 
reduced NEAT), there is a significant risk of regaining 
weight and “overshooting” pre-starvation body mass 
(72). Thus, changes in non-resting energy expenditure 
with underfeeding (or overfeeding) appear to occur in 
a direction tending to return subjects to their initial 
body mass and to conserve body energy as recently 
described in humans as so-called “thrifty phenotype” 
compared to a “spendthrift phenotype” (84). 

 
Regarding this, findings from a recent study in 
sedentary overweight females are of potential 
practical relevance (85). In this investigation, 140 pre-
menopausal females reduced their body mass by an 
average of ~11 kg while undergoing a total of 800 kcal 
per day diet. Subjects were randomly assigned to one 
of three groups: no exercise, a structured aerobic 
training schedule, or an exercise program 
incorporating resistance training. Body composition, 
strength, TEE, REE and NEAT were measured using 
various approaches. One main finding was that TEE, 
REE and NEAT all declined with weight loss in the no-
exercise group. Non-exercise activity thermogenesis 
was reduced by 150 kcal per day, which was 
equivalent to 27% compared to baseline levels. 
However, in subjects undergoing the exercise 
regimens only REE was reduced, while NEAT 
remained unaffected. Thus, since caloric deprivation 
appears to consistently decrease spontaneous 
physical activity, untrained subjects with obesity who 
plan to lose body mass by means of dietary 
intervention alone would be advised to engage in a 
concomitant exercise program so as to avoid negative 
effects on NEAT and mitigate weight cycling after 
reaching a lower body weight. Of note, the authors of 
this study emphasized that, consistent with the 
concept that “more is not always better,” exercising 
two days a week was capable of increasing NEAT but, 
paradoxically, an intense three days weekly schedule 
was followed by a substantial decrement in NEAT 
(85). 
 
At this end, one further study of Levine’s group should 
be considered (78). NEAT as measured by gold 
standard methods and posture allocation was 
evaluated in mildly obese subjects and normal weight 
controls over a period of ten days. This baseline 
evaluation showed a 164 minute per day longer 
seated time in obese compared to lean subjects. A 
subset of eight obese subjects then underwent an 
intentional weight loss program over a time span of 
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eight weeks and thereby lost significant body weight. 
Posture allocation was measured for another ten days 
after intervention. Interestingly, the weight losing 
obese subjects did not further reduce their NEAT in 
this experiment (78). The latter study has several 
limitations, e.g., the small number of enrolled subjects 
and the relatively short intervention period when 
compared to some of the above-mentioned trials. 
Levine and colleagues themselves emphasized that it 
was a pilot experiment (78). The data otherwise 
suggest that interindividual differences in posture 
allocation could at least in part be biologically 
determined and are therefore not necessarily 
influenced in every individual by e.g., reduced energy 
intake over short time periods. Over- and 
underfeeding studies in identical twins indeed suggest 
an important role of genetics regarding the variability 
underlying body mass regulation (86, 87). Specifically 
regarding NEAT, it is likely that due to the polygenetic 
nature of obesity, numerous pathways are involved in 
the regulation of spontaneous physical activity, as the 
latter has multiple environmental cues and affects a 
multitude of behaviors (8, 88). Zurlo et al. have shown 
that spontaneous physical activity levels cluster in 
families and could prospectively help to explain the 
propensity for weight gain (89). Moreover, according 
to a recent review up to 57% of the variability of 
spontaneous activity has been attributed to 
inheritance (90). 
 
Otherwise, biological and genetic determinants can 
only partially explain NEAT variance. Models of 
human energy budgets related to exercise can provide 
a conceptual framework to better understand NEAT 
regulation in humans (reviewed in (39)). For instance, 
the so-called independent model predicts that 
changes in basal TEE have no impact on the energy 
budgeted for behavior, e.g., spontaneous physical 
activity. This model is analogous to the factorial model 
of exercise in humans that assumes that exercise has 
an additive effect on TEE (39). In contrast, the 
allocation model suggests that the total energy budget 

is constrained, and therefore, an increase in the 
energy cost related to maintaining basal functions will 
reduce the amount of available energy to support 
other functions, finally altering an individual’s behavior 
(39). The independent model would for example 
predict that exercise additively increases TEE, while 
the allocation model predicts that exercise leads to a 
reduction in some components, e.g., NEAT. Indeed 
there is evidence that each of these models is evident 
in different human populations, although studies 
suggest that e.g. allocation may be affected by 
confounders such as age (older more likely to 
reallocate), sex (males more likely to reallocate), and 
exercise volume (allocation more likely with higher 
volumes)  (39). Such aspects have to be considered 
and could help to integratively explain the 
contradictory findings of Levine et al. and from other 
researchers. 
 
In summary, an integrative view of existing human 
overfeeding studies proposes that the magnitude of 
adaptations regarding energy expenditure varies 
largely between individuals. Subjects capable of 
responding with increased spontaneous physical 
activity to overfeeding can be categorized as 
“compensators” and are therefore less susceptible to 
obesity (“spendthrift phenotype”). Subjects unable to 
respond to a continued energy surplus with increased 
NEAT (e.g., “non-compensators” or “thrifty 
phenotype”) seemingly represent the majority of 
subjects on a population level, of which a major 
percentage will attempt dietary weight-loss strategies 
at some time in their lives. However, REE and non-
resting energy expenditure including NEAT are 
reduced with underfeeding in the majority of subjects. 
They therefore represent a risk factor for weight regain 
after dietary intervention. Mild voluntary exercise 
during and maybe shortly after periods of dietary 
weight loss could be a promising strategy to avoid 
decreases in NEAT, although this alone will probably 
not fully compensate for the obligate decline in REE. 
Whether the majority of dieting subjects with obesity 
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will continuously adhere to a structured exercise 
program during extended periods of weight 
maintenance as suggested by current 
recommendations is also uncertain (and unlikely) (42, 
8, 43, 41).   
 
Therefore, to advance anti-obesity strategies that 
systematically increase or even conserve NEAT it is 
essential to understand the mechanisms contributing 
to regulation of spontaneous physical activity. 
 
PHYSIOLOGICAL AND MOLECULAR 
DETERMINANTS OF NEAT 
 
Principles of NEAT Regulation 
 
The ability to adapt thermogenesis, and specifically 
NEAT, presupposes existing mechanisms in the body 

that sense, accumulate, and integrate internal and 
external directionality signals with respect to energy 
balance (20). Figure 5 shows a proposed model of the 
principal regulation of spontaneous physical activity 
and correspondingly NEAT. In this model, 
physiological data regarding caloric intake, energy 
depots and energy expenditure are compiled centrally 
by the brain. These signals converge at the data 
acquisition center, are rectified to a common signal, 
and directed to a NEAT accumulator, which is 
constantly summing the net amount of NEAT per unit 
of time. The latter continuously refers to the energy 
balance integrator, which, in turn, modulates 
spontaneous physical activity in response to changes 
in energy intake. Thereby, energy balance resulting 
from these three components is in constant flux.  

 

 
Figure 5. The NEAT hypothesis of energy balance (adapted from (20)).  
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Continuous arrows represent energy flow through the 
system, broken arrows stand for putative signaling 
pathways. BMR, basal metabolic rate; NEAT, non-
exercise activity thermogenesis; TEF, thermic effect of 
food. 
 
For example, under circumstances of positive energy 
balance during increased food intake, the energy 
balance integrator may mediate deposition of the 
caloric surplus in energy stores (adipose tissue) or 
alternatively dissipate the excess energy in the form of 
NEAT. More likely, since BMR is essentially fixed, 
some energy will be spent on food digestion and 
absorption (increased TEF), some will be deposited as 
body fat or in other depots, and the rest will be 
dissipated as NEAT (20). This model also supports the 
observation that although BMI and energy balance are 
continuously oscillating around a weight set point (or 
“set range”) under daily life conditions, body mass is 
remarkably stable in the long term. This is exemplified 
by data from the Framingham Study showing a mean 
body mass increase of only 10% over a 20 year time 
span in average adults (cited in (91, 92)). 
 

Thus, it appears that the regulation of energy balance 
and body mass is realized by a complex network of 
precisely working auto-regulatory structures 
controlling effector systems, one of which being 
spontaneous physical activity. However, while ample 
available data detail the regulation of food intake, 
there is lack of information concerning the biological 
mechanisms driving NEAT (34). Most animal evidence 
supports the concept that NEAT can help to protect 
against obesity (93). Therefore, spontaneous physical 
activity has certainly potential for impacting body mass 
and energy balance. It is very likely that many of the 
biological systems involved in the regulation of energy 
intake are also involved in gathering and integrating 
information regarding NEAT and determining NEAT 
adaptation in humans (34). 
 
Tissues, Organs, and Central Mechanisms 
Involved in NEAT Regulation 
 
Several well-described central neuroendocrine 
systems are thought to regulate NEAT through 
interactions with peripheral tissues/organs known to 
affect energy balance (Figure 6). 
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Figure 6. Model for the neuroendocrine regulation of NEAT in the service of energy balance (adapted 
from (34)). Multiple external and internal signals are sensed and integrated, whereby defined brain 
structures (e.g., arcuate nucleus of the hypothalamus, area postrema and nucleus of the solitary tract of 
the hindbrain, dopamine pathway of the mesolimbic system) interpret a multitude of sensory cues of 
energy availability. The involved brain systems have multiple ascending and descending projections 
affecting the amount of physical activity through arousal and limbic pathways, and descending neural 
projections and endocrine signals to modulate the energy efficiency of physical activity. Thereby, the 
central nervous system could adapt NEAT to adjust energy balance under conditions of caloric excess 
or starvation. Ach, acetylcholine; AgRP, agouti-related peptide; CART, cocaine- and amphetamine-
regulated transcript; CCK, cholecystokinin; LC, locus ceruleus; MCH, melanin-concentrating hormone; 
NPY, neuropeptide Y; POMC, pro-opiomelanocortin; (P)SNS, (para-)sympathetic nervous system; SNS, 
sympathetic nervous system; TMN, tuberomammilary nucleus; VP, ventral pallidum. 
 
These associated neural mechanisms of brain regions 
involve a multitude of neurotransmitters and 
neuropeptides (for extensive review see (34) and 
(94)). While all are important, this section will focus on 
the biological role of central orexin peptides as 
promising and potentially targeted regulators of 

spontaneous physical activity (for extensive review 
see (47)).  
 
Experimental data indicate that injections of orexin A 
into defined brain regions reproducibly induce a dose 
dependent increase in spontaneous physical activity 
along with significant increments in NEAT. Moreover, 
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current knowledge suggests a role for the orexin 
system in the control of arousal and sleep, and for 
reward and stress reactions. This has led to 
conduction of extensive research showing that the 
orexins A and B are produced by cleavage from a 
single pro-peptide (44). The majority of orexin A is 
synthesized in the lateral hypothalamus and 
perifornical area. Orexin A binds to two G protein-
coupled receptors, namely orexin receptor type 1 
(OXR1) and 2 (OXR2). OXR1 has high affinity for 
orexin A, while OXR2 has equal affinity for the A and 
B peptide. Receptor binding of orexin A is associated 
with increased intracellular calcium levels and 
followed by enhanced neuronal signaling (44). 
 
Physiologically, orexin A is capable of modulating 
spontaneous physical activity, food intake, and sleep 
as evidenced by an obesity-resistant rat model with 
high orexin A activity (34). These animals show more 
ambulatory and vertical movement, independent of 
age or food availability (34). Intriguingly, this rat model 
exhibits lower body weight gain when fed a high-fat 
diet, despite consuming significantly more kcal per 
gram body mass. From this study, it appears that 
orexin A simultaneously enhances feeding behavior 
and induces physical activity, but the consumed 
calories are outweighed by those expended with 
spontaneous physical activity (47, 34). These data 
were confirmed by a mouse model with postnatal loss 
of orexin neurons (47). These mice exhibit 
hypophagia, decreased spontaneous physical activity, 
and develop spontaneous-onset obesity while 
consuming a regular chow-diet. Furthermore, in recent 
years so called DREADDs (Designer Receptors 
Exclusively Activated by Designer Drugs) have been 
developed and were applied to manipulate orexin 
neuron activity in specific animal models. Compared 
with previous work of targeted infusions of orexin 
and/or orexin agonists into the brain, the use of 
DREADDs allows for the sustained activation of the 
neurons of interest without needing to inject directly 
into the brain (95). 

 
A high-fat diet model was used to evaluate the effect 
of DREADDs on NEAT, since spontaneous physical 
activity can be decreased under such circumstances. 
It was shown that NEAT was decreased in animals on 
the high-fat diet, and was increased to the NEAT level 
of control animals following activation of orexin 
neurons with DREADDs (95). Thus, these preliminary 
results clearly support the hypothesis that the orexin 
signaling system could be a promising target of 
modulation by drugs. 
 
However, from the perspective of humans, data on 
orexin are currently scarce. Otherwise it was recently 
shown in a pilot study that plasma levels of orexin A 
correlated with physical activity levels including many 
NEAT features (96). Therefore, plasma orexin A could 
be considered as a biomarker of NEAT in future 
studies. Furthermore, the orexin system has been 
shown to be defective in the sleep disorder 
narcolepsy. Since obesity is a recognized comorbidity 
of narcolepsy in both animal models and humans (47), 
regulation of this signaling system has the potential to 
impact clinical endpoints, probably including the 
development of overweight and obesity. 
 
The Role of Peripheral Tissues for NEAT 
Regulation: Adipose Tissue and Adipokines  
 
Peripheral tissues are also believed to contribute to 
NEAT regulation (Figure 6). That NEAT can be 
influenced by over- and underfeeding has been 
extensively discussed in earlier sections; but it is 
essential to also reconsider that longitudinal studies of 
fasting humans show significant decreases in adaptive 
thermogenesis with starvation, while refeeding may 
induce a variable elevation (72). These adaptations 
are likely the result of feedback mechanisms between 
thermogenesis regulation and energy depots (Figures 
5 and 6). It can be further hypothesized that 
adaptations of thermogenesis in response to fasting or 
overfeeding result, at least in part, from an adipose 
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tissue-specific impact on thermogenesis (reviewed in 
(46)). Indeed, studies of white adipose tissue (WAT) 
have led to the recognition that this energy store 
represents an important endocrine organ 

communicating with the brain through secretion of so-
called “adipokines.” Accordingly, adipokines could 
play a role for NEAT regulation (Figure 7) (97).

 
 

 
Figure 7. Essential elements in the regulation of thermogenesis including effects of WAT (adapted from 
(34, 98)). BAT, brown adipose tissue; cAMP, cyclic 5” adenosine monophosphate; COX, cyclooxygenase; 
IL, interleukin; LPS, lipopolysaccharide; PAMPs, pathogen associated molecular pattern; PGE, 
prostaglandin E; PKA, protein kinase A; SNS, sympathetic nervous system; UCP, uncoupling protein; 
WAT, white adipose tissue. 
 
Leptin is such an adipokine signal that is the product 
of the rodent obese (ob) gene and human homolog 
(LEP) first characterized in 1995 (99). Due to its role 
regarding the sensing of energy stores and regulation 
of food intake, it was also suggested as an important 
signal with respect to adaptive thermogenesis 
(reviewed in (34, 98)). For instance, Dauncey and 
Brown studied ob⁄ob mice lacking leptin production 
and their lean littermates at comparable body weights 
(100). Leptin-deficient mice expended less energy and 
showed less motor activity as compared to control 

animals. The energy expended relative to metabolic 
size was greater in lean littermates, who were also 
more active than the ob⁄ob mice. It was calculated that 
activity-related energy expenditure accounted for at 
least part of the body mass difference observed 
between ob⁄ob and wild-type mice (100, 101). A 
central mediator of leptin action on NEAT partly 
includes the orexin signaling system, since the activity 
of orexin neurons has been shown to be modulated by 
leptin among other metabolic indicators (reviewed in 
(93)). 
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With respect to humans, Franks et al. have shown that 
fasting leptin levels were significantly associated with 
physical activity-related energy expenditure (101). 
Moreover, it was pointed out in a recent review that 
replacement of leptin in weight-reduced subjects was 
capable of reversing neuroendocrine adaptations that 
accompany caloric reduction as evidenced by an 
increase in SNS activity, suggesting that this 
component of the non-resting energy expenditure and 
adaptive thermogenesis is at least in part under 
endocrine control (72). In response to caloric 
restriction, the authors therefore suggest an 
adaptation model where in an initial fast “first set,” 
reduced insulin secretion and glycogen stores are 
accompanied by a reduction of both REE and non-
resting energy expenditure within days, while in the 
long term, with maintenance of reduced body weight, 
a “second set” mediated by a drop in leptin levels 
becomes active that keeps energy expenditure low so 
as to preserve fat depots and maintain reproductive 
function (72). This endocrine action resulting from the 
drop in leptin levels with related activation of multiple 
pathways then enhances the risk of weight regain (72). 
 
Overall, available data suggest that leptin’s central 
actions include not only reducing food intake but 
potentially also increasing energy expenditure 
mediated, in part, through increasing physical activity 
levels (reviewed in (34)). The potential role of leptin on 
NEAT in human obesity is of particular interest given 
the phenomenon of central leptin insensitivity under 
conditions of overfeeding and related obesity (102, 
103). However, it must be also kept in mind that the 
leptin system represents only one component of 
peripheral tissue signaling that impacts NEAT. Other 
endocrine systems, such as thyroid hormone status, 
also have major influences on energy expenditure. For 
example, hyperthyroid rats have been shown to have 
significantly increased NEAT (104). 
 

Energy availability from food and internal energy 
stores, ambient and body temperature, and systemic 
inflammation are further determinants of 
thermogenesis regulation. In WAT, two relevant 
factors converge: WAT represents the principal 
energy storage depot and, under conditions of 
significant obesity, WAT is a site of low-grade 
inflammatory activity that contributes to systemic 
inflammation. Recent epidemiological data from 
humans support this hypothesis (105). It was shown 
that levels of systemic low-grade inflammation (e.g., 
circulating interleukin-6 and interleukin-1β) were 
related to non-exercise physical activity. Although no 
causal relationship can be drawn from these findings, 
inflammation is theoretically one signaling system 
involved in NEAT regulation. 
 
Signals from WAT can induce enhanced sympathetic 
nervous system (SNS) activity and affect downstream 
regulators of adaptive thermogenesis (Figure 7). 
Indeed, experimental data indicate that NEAT is one 
component affected by WAT signaling (93). Related to 
the hypothesis of “adaptive thermogenesis”, Dulloo et 
al. in their review regarding human starvation and 
overfeeding suggest SNS as key regulatory effector 
mechanism (46). Of note, activation of brown adipose 
tissue, which has recently gained a lot of interest with 
respect to human obesity (106–108), is suggested to 
be an additional site of adaptive thermogenesis.  
 
Skeletal Muscle as Peripheral NEAT Modulator 
 
Skeletal muscle is a major contributor not only to REE, 
but also to spontaneous physical activity and has been 
newly recognized as important NEAT effector. Human 
subjects maintaining a 10% weight loss in response to 
caloric restriction have increased skeletal muscle work 
efficiency (92, 109). This mechanism is believed to be 
responsible for the phenomenon that, even after 
adjustment for the reduced body mass, weight-loss 
maintaining subjects need proportionally fewer 
calories for performing comparable physical-activity 
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tasks compared to before weight loss (92, 109). 
Therefore, adaptations of skeletal muscle work 
efficiency can contribute to reduced NEAT after low-
calorie induced weight loss. Several recent animal 
models are in line with this hypothesis (82, 110). For 
example, a recent study in rats investigated the 
contribution of REE and non-resting energy 
expenditure to reduced TEE observed after three 
weeks of 50% energy deprivation (82). They reported 
a 42% reduction in TEE, even after correction for the 
loss in body weight and LBM (82). Moreover, 48% of 
the detected TEE reduction was explained by a 
significant decline in non-resting energy expenditure, 
e.g. spontaneous physical activity (82). Reduced 
baseline and activity-related muscle thermogenesis 
was also found in this study. Reduced skeletal muscle 
norepinephrine turnover as a surrogate of SNS drive 
and increased expression of the more energy 
“economic” myosin heavy chain (MHC) 1 isoform were 
identified potential mechanisms for the observed 
changes (82, 92, 109). Thus, according to these 
findings, restriction of caloric intake apparently not 
only suppresses spontaneous physical activity, but in 
addition reduces related caloric demand, which is 
mediated by reduced SNS activity to skeletal muscle 
and altered expression of MHC isoforms. These 
findings are supported by data from another recent 
animal study investigating rodents with “high intrinsic 
physical activity” and counterparts with “low intrinsic 
running capacity” under eucaloric conditions (87). It 
was found that animals with high intrinsic physical 
activity were lean, had lower skeletal muscle economy 
along with increased skeletal muscle heat dissipation 
during activity. This resulted in higher TEE and NEAT 
and was related to increased activation of skeletal 
muscle by SNS (110). 
 
Taken together, skeletal muscle is an intrinsic site for 
NEAT and not only of great importance quantitatively, 
but also represents an important effector system for 
NEAT mediated through modifications on the level of 
SNS activity and gene expression, particularly under 

conditions of altered caloric intake. Therefore, 
evidence indicates that NEAT is modified by a 
complex network regulation of central and peripheral 
systems. The latter involve a variety of redundantly 
organized immediate and delayed mechanisms, 
including central neuropeptides and signaling systems 
to and from peripheral tissues. Involvement of such 
biochemical signaling systems identifies spontaneous 
physical activity and NEAT as a potential site for 
pharmaceutical targeting. Pharmaceutical 
manipulation of such a system could be envisioned to 
either increase the amounts of activities people 
undertake, or elevate activity-related energy 
expenditure. 
 
TREATMENT OPTIONS FOR OBESITY AND 
RELATED DISORDERS: IMPLICATIONS FOR 
NEAT-ENHANCED LIVING 
 
As stated in the introduction, obesity is associated with 
a many adverse health outcomes (1, 111). Energy 
expenditure in occupational activities has declined by 
a mean of 140 kcal/d since 1960 in the United States 
and this reduction is thought to account for a 
significant portion of the observed increase in mean 
BMI (reviewed in (1)).The latter hypothesis is 
supported by observational data showing that reduced 
energy expenditure of 100 kcal/d below expected 
values corresponds to a 0.2 kg/year weight gain, of 
which 0.1 kg/year are fat mass (112). In addition there 
is ample evidence from epidemiological, cross-
sectional, and longitudinal studies showing that 
individuals with higher physical activity levels have 
lower mean body weight, gain less weight and fat 
mass over time, and show reduced weight regain after 
intended loss in body mass (113–117). Moreover, 
regular physical activity can moderate or even 
eliminate weight gain among those carrying a risk at 
the FTO (fat mass and obesity associated) gene 
variants ((118), reviewed in (93)). It has further been 
evidenced that  levels of habitual or spontaneous 
physical activity are positively related to reduced risk 
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of major cardiovascular disease and premature 
mortality, while an increase of sitting time correlates 
with a raise in complications (119–123). 
 
Associations of NEAT with Type 2 Diabetes 
Mellitus and NAFLD/MAFLD as Common 
Sequelae of Obesity  
 
In industrialized countries the daily time spent sitting is 
estimated to be 6-7 hours per day, which is closely 
correlated not only with obesity rates but also with the 
incidence of T2D (120, 124). A plethora of data 
suggest, on the other hand, beneficial effects of 
lifestyle interventions on insulin resistance, metabolic 
control, pain and clinical endpoints in these patients 
(e.g. (125, 126), reviewed in (127)). In subjects with 
impaired glucose tolerance or prediabetes, lifestyle 
interventions have proven to decrease the incidence 
of T2D, of which prominent examples comprise the 
DaQuing Study, the Finish Diabetes Prevention Study, 
the Diabetes Prevention Program and others (128–
131). This was newly confirmed by the lifestyle 
intervention and impaired glucose tolerance 
Maastricht (SLIM) trial, which has shown to impact 
clinical endpoints even four years after stopping the 
intervention (132, 133).  
 
The prevalence of NAFLD/MAFLD parallels the 
pandemic rise in T2D. A recent meta-analysis 
indicates that on a global perspective more than 55% 
of T2D patients suffer from bland liver steatosis, while 
a further 37% show signs of non-alcoholic 
steatohepatitis (NASH) (reviewed in (127)). “NAFLD” 
was defined in the 1980s to describe excess 
hepatocellular lipid accumulation in absence of 
significant alcohol intake, autoimmune, or viral liver 
disease, and the course of this pathology was long 
believed to follow the so-called “two-hit hypothesis” 
(134). Manifestation of bland steatosis was defined as 
first hit, while histological signs of liver inflammation, 
fibrosis and hepatocyte injury were proposed as 
succeeding second hit (NASH). Insulin resistance has 

now been recognized as the most valid predictive 
parameter of NAFLD/MAFLD progression to NASH. 
Moreover, presence of insulin resistance puts these 
patients to an elevated risk of morbidity and mortality, 
while sedentary behavior constitutes a complementary 
risk factor and correlates with clinical outcomes 
(reviewed in (135, 127)). 
 
Since physical exercise is capable of improving and 
maybe reversing insulin resistance, while short term 
decreases in physical activity reduce multiorgan 
insulin-sensitivity and in parallel increase liver fat 
(reviewed in (127)), it is reasonable to assume that 
physical activity represents a potent treatment 
modality for NAFLD/MAFLD. There is indeed some 
evidence from prospective controlled randomized 
intervention studies that liver fat can be reduced 
independently from changes in body weight by 
structured exercise regimens in a limited, yet 
significant manner, while effects on liver inflammation 
and fibrosis remain to be investigated (extensively 
reviewed in (127)). Although no direct research of 
NEAT effects on NAFLD/MAFLD is currently available, 
one well-designed study using brisk walking as an 
intervention has shown reduced liver fat after 6 and 12 
months (136). This suggests that low to moderate 
intensity activities potentially impact hepatic steatosis, 
which should be further evaluated. 
 
For weight maintenance purposes, current 
recommendations encourage subjects with obesity to 
engage in 200-300 minutes per week in activities as 
e.g. walking (8). Yet, patients with T2D show markedly 
reduced TEE (< 300 kcal per day), number of steps 
taken (<1500 per day), physical activity duration (<130 
min per day), and activity related energy expenditure 
(<300 kcal per day) as compared to subjects without 
diabetes (137). Accordingly, only 28% of patients with 
T2D in the U.S. achieve the recommended physical 
activity levels and less than 40% engage in regular 
voluntary exercise (120, 138, 139). In line with this, 
recent observational studies have shown that reduced 



 
 
 
 

 
www.EndoText.org 24 
 

NEAT is related to measures of insulin resistance, 
glycated hemoglobin A1c, and other features of the 
metabolic syndrome, consistent with the hypothesis 
that increasing spontaneous physical activity could be 
beneficial for those with T2D and NAFLD/MAFLD 
(140–142). This is supported by data coming from the 
Nurses’ Health Study showing that regular walking at 
normal pace (e.g. 3.2-4.8 km h-1) was associated with 
a 20-30% relative risk reduction of T2D, while in 
another study, frequent walking was correlated with an 
equally remarkable risk reduction of mortality in T2D 
(120, 143, 144).  
 
On the other hand, it must be acknowledged that data 
on NEAT, T2D and NAFLD/MAFLD are limited. First, 
evidence suggests interindividual differences in the 
response to a standardized exercise schedule at a 
given dose and there is, moreover, strong indication of 
genetic components to the variation in human 
trainability (reviwed in (145)). Second, available 
evidence almost exclusively comes from observational 
and cross-sectional studies. Furthermore, the data on 
lifestyle interventions on sequalae of insulin resistance 
and manifest T2D also have limitations (146). For 
instance the 10-year prospective randomized 
LookAHEAD study in T2D patients was stopped early 
based on a futility analysis, since the trial was unable 
to detect substantial effects on cardiovascular events, 
although the intervention group experienced 
significant weight loss (147). Otherwise, secondary 
analyses of this hallmark study were able to show that 
the magnitude of weight loss may be predictive of 
outcome measures (148). In more detail, obese and 
overweight subjects suffering from T2D were 
examined regarding the association of the magnitude 
of fitness change (n=4406 and weight loss (n=4834) 
over a median of 10 years of follow-up for the primary 
outcome. The primary outcome was a composite of 
death, cardiovascular disease, myocardial infarction, 
hospitalization for angina, and stroke. Subjects losing 
more than 10% of body mass in the first year of the 
intervention had a 21% lower risk of the primary 

outcome relative to participants with stable body mass 
or weight gain. Interestingly, achieving a > 2 metabolic 
equivalents (MET) fitness change was not significantly 
associated with the primary, but with the secondary 
endpoint (composite of coronary–artery bypass 
grafting, carotid endartectomy, percutaneous 
coronary intervention, hospitalization for congestive 
heart failure, peripheral vascular disease, or total 
mortality (148). Therefore, it appears that life style 
modifications are principally capable of beneficially 
modulating clinical endpoints in, while the optimal 
exercise (and lifestyle intervention) therapy for 
individuals with T2D, particularly with co-existing 
complications, remains unknown (120). These 
findings suggest that priority should be made for 
subjects who are obese to engage in any type of 
regular physical activity before T2D and 
NAFLD/MAFLD become manifest ((144), reviewed in 
(120, 8)). Accordingly, the “Step It Up! (The Surgeon 
General’s Call to  Action to Promote Walking and 
Walkable Communities)” program was recently 
released, focusing on promoting optimal health before 
disease occurs (149).  
 
In summary, since EAT is negligible in the vast 
majority of subjects and NEAT represents the main 
contributor to daily PEE/AEE and therefore TEE in 
Western populations NEAT can be recognized as a 
major potential target for lifestyle modification in 
subjects suffering from T2D and probably also under 
conditions of NAFLD/MAFLD. 
 
Personalized Approaches versus Environmental 
Re-engineering for Promoting NEAT 
 
In free-living individuals, counterbalancing effects of 
an obesity-promoting environment involves 
addressing several central questions: 
 
• How can the amount of NEAT be increased or 

preserved under conditions of caloric restriction? 
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• What are realistic goals for daily spontaneous 
physical activity and what are appropriate 
activities for increasing NEAT? 

 
When aiming to prevent or treat obesity, it can be 
argued that in an obesogenic environment each 
person needs to increase physical activity levels (45). 
Alternatively, it could be argued that the epidemic of 
obesity needs to be addressed at the population level, 
since obesity has emerged as a result of 
environmental pressures that have led to decreased 
population-wide activity levels (e.g., more sedentary 
jobs, more time at work and less in leisure) (45). In 
reality, these contributors are not mutually exclusive. 
However, in order to substantially increase NEAT it is 
useful to categorize these perspectives as the 
“individualized approach” versus the “environmental 

re-engineering approach” (45). Accordingly, Levine 
and Kotz have developed the “egocentric” and the 
“geocentric” models, which provide a theoretical 
framework to understand important environmental 
determinants of NEAT from these two perspectives 
(20). The egocentric model focuses on a single 
person. Accordingly, environmental factors that impact 
a particular person’s spontaneous physical activity 
levels are considered, such as “my occupation”, “my 
transportation to work”, or “my leisure time activities” 
(Figure 8) (20). By contrast, the geocentric model is 
focused on how the environment impacts NEAT of 
multiple subjects, such as city planning to ensure 
walk-friendly or bike-accessible environments (Figure 
8) (20). These models may help to elucidate how 
NEAT can be effectively modulated.  

 
 

 
Figure 8. Environmental determinants of NEAT – the egocentric versus the geocentric model (adapted 
from (20)). 
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In the geocentric model a variety of environmental 
factors impact spontaneous physical activity. The 
most prominent negative influences on NEAT are 
represented by urbanization and mechanization, 
which are largely a phenomenon of high- and middle-
income countries. Examples include televisions, drive-
through restaurants, clothes washing machines, 
motorized walkways, and others (20).  
 
Accordingly, when comparing daily energetic costs of 
mechanized tasks with the same tasks performed 
manually a century ago, the difference in daily energy 
costs approximates 111 kcal, or more than 40,000 kcal 
per year (150). Evidence such as this has been used 
in support of the proposal that urbanization and 
mechanization have likely had a dramatic impact on 
energy balance (20). Hence, proposals to increase 
NEAT on a population level have included 
environmental “re-engineering,” including provisions 
for adequate walkways, to build schools within walking 
distance, and to adapt employment laws for promoting 
office fitness. The problem with this argument is that it 
includes imposing high economic costs on business 
and localities without agreed upon standards for 
success (45). 
 
It is self-evident that to intentionally increase NEAT 
over a protracted time period presupposes a 
significant amount of self-discipline. To facilitate 
behavior modification Levine has published 
approaches for promoting NEAT that focus on 
behavioral economic theory (for extensive review see 
(45)). Behavioral economic theory is a framework for 
conceptualizing how people make behavioral choices 
based upon their perceived relative value. When 
applied to NEAT, behavioral economic theory is 
concerned with how people choose between various 
activity/inactivity options. Consequently, Levine 
proposes four key elements (45): 1) It is critical to 
provide individuals with free-choice. By contrast, 
forcing a subject to choose a specific NEAT-promoting 

activity is likely to have the opposite to the intended 
effect. Otherwise, if an activity is self-selected, it is 
likely to be more reinforcing and consequently self-
selected more often; 2) The delay between performing 
a NEAT-promoting behavior and the outcome needs 
to be minimized. While sedentary behaviors that 
people enjoy have immediately reinforcing 
consequences, health benefits of standing or 
ambulation may take longer to manifest. Therefore, it 
is important to choose NEAT-promoting physical 
activities; that are pleasing. For example, walking 
while listening to music or walk-and-talk with a friend. 
3) Behavioral “costs” determine which sorts of 
activity/inactivity become selected. If a person has to 
work strenuously to participate in a given activity, they 
will be less likely to do it. For example, it is unlikely that 
many people will drive 40 minutes to the gym long-
term just to engage in fitness training. People are more 
likely to choose physical activities that are easily 
accessible, such as home- or even office-based 
activities that do not require changing location or 
clothes; and 4) For an individual to choose a NEAT-
promoting activity, it has to be more attractive than 
available alternatives. For example, behavior will 
change when providing a competing behavior that is 
more valued: a given person may prefer to surf the 
internet while seated rather than visiting the gym for a 
fitness workout. If, however, walk-and-talk with a 
friend was an option, the individual could choose that 
instead of internet-surfing. These behavioral 
components have been synthesized into a simplified 
approach termed, STRIPE (45): STRIPE is an 
acronym that represents S = Select a NEAT-activity 
that is enjoyed and start it; T = targeted, specific 
individual goals must be defined; R = rewards need to 
be identified for reaching the defined goals; I = identify 
barriers and remove them; P = plan NEAT-activity 
sessions; E = evaluate adherence and efficacy. 
 
Overall, to increase NEAT in the prevention and 
treatment of obesity, egocentric and geocentric 
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approaches should be considered. Occupation and 
leisure time are the two principal time frames that have 
to be targeted for promoting individual NEAT. To 
increase NEAT by means of changing behavior, the 
STRIPE approach is considered as safe and well-
grounded in conceptual evidence. Unfortunately, there 
is no evidence as to whether an individualized or the 
population-based approach is more effective in terms 
of increasing physical activity levels and/or to affect 
body mass. Despite this, however, it is our opinion that 
both approaches should be still considered when 
counseling patients regarding ways they can improve 
their daily life conditions (45). 
 
Increasing NEAT: Realistic Goals, Pitfalls and 
Appropriate Activities 
 
Obesity is not a problem in only one component of 
energy balance and food restriction alone is surely not 
the complete answer on a long-term perspective. Hill 
et al. hypothesized that a person who is physically 
highly active could maintain energy balance and a 
healthy body weight by eating and expending at, say, 
an estimated 3000 kcal per day. This person, if 
adopting a sedentary lifestyle, could alternatively 
maintain energy balance and consequently body 
weight by eating and expending 2000 kcal per day. If, 
however, this sedentary person fails to strictly keep 
energy intake at 2000 kcal per day to match reduced 
energy expenditure over time, experiencing weight 
gain would be the unavoidable consequence (16). In 
other words, for a majority of subjects in a given 
population, maintaining energy balance at substantial 
higher levels by increasing NEAT could be in the long 
term much more realistic under free-living conditions 
(e.g. in an environment with high access to energy 
dense foods), than maintaining caloric intake at lower 
levels (16). Therefore, when attempting to increase 
NEAT, it is important to establish what goals have to 
be addressed for prevention or treatment of obesity. 
According to a review, the amount of physical activity 
necessary for weight loss approximates 2000-2500 

kcal per week or about 2 ½ hours of additional daily 
ambulation, which is considered realistic for a majority 
of subjects with obesity (45). This is in line with current 
recommendations, suggesting ≥ 150 minutes per 
week of aerobic exercise in combination with a 
hypocaloric diet (8). 
 
However, evidence is lacking from randomized, 
controlled studies as to whether strategies to promote 
NEAT in absence of dietary manipulation are effective 
for obesity prevention or treatment. Moreover, some 
lines of evidence suggest a compensatory 
upregulation of energy intake with rising physical 
activity energy expenditure, especially at higher 
workloads and energy expenditure levels (reviewed in 
(90, 112, 151, 80). Therefore, it remains unclear 
whether substantially increasing NEAT for body mass 
control under free-living conditions will be capable of 
inducing weight loss without caloric restriction. 
Probably this shows large inter-individual variability, 
since it was recently shown that subjects losing weight 
over a two year time span increased their daily activity 
by about 35 minutes, while subjects gaining weight 
showed a reciprocal decrease (113). Energy intake 
was comparable in both of these groups. Contrasting 
with that, subjects either losing body weight or weight 
maintainers did not show alterations in daily activity as 
compared to weight gainers in another study (152). 
Thus, even under real life conditions there might be 
“responders” and “non-responders” in terms of daily 
activity/NEAT and body weight control. These groups 
remain, however, to be better defined.  
 
Recent work could help to better categorize 
“responders” and “non-responders” by applying the 
above mentioned constrained energy expenditure 
model (153). The authors hypothesized that total 
energy expenditure would increase with physical 
activity at low levels, while plateauing at higher activity 
levels. It was found that after adjusting for body size 
and composition, TEE is indeed positively associated 
with PEE/AEE, but the relationship was markedly 
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stronger over the lower range of physical activity. For 
subjects in the upper range TEE plateaued (Figure 9). 
According to the author’s hypothesis, body fat and 
activity intensity appeared to modulate the metabolic 
response to physical activity (153). In other words, 
subjects who maintain high levels of physical activity 

in their daily lives could show a smaller response to 
attempts of further increasing NEAT as it contributes 
to TEE increment, while subjects with habitually low 
activity levels could increase NEAT contribution and 
can therefore possibly be categorized as 
“responders”. 

 

 
Figure 9. Effects of physical activity on PEE/AEE and its components (adapted from (153)). 
 
Since hypocaloric diets can significantly reduce NEAT 
(see previous sections), a major goal has to include 
prevention of this reduction in NEAT. There is strong 
evidence that physical activity is essential for the 
prevention of weight regain after weight loss, and for 
weight maintenance (16, 80). For instance, it was 
shown that low physical activity levels are related to 
significant weight regain at follow up after hypocaloric 
diets (154). Furthermore, when subjects gaining 
weight under free-living conditions are compared to 
weight stable counterparts, the “weight gainers” 
demonstrated markedly lower physical activity related 
energy expenditure and less muscle strength (155). Of 
note, after a one year period, lower physical activity 
energy expenditure explained approximately 77% of 
body mass increase in the “weight gainers” as 

compared to “weight maintainers” (155). A recent 
meta-analysis on weight loss maintenance shows that 
physical activity has a significant treatment effect of 
approximately 1.6 kg in the short term (156). However, 
long term this effect was lost, probably due to reduced 
compliance since effects of voluntary physical 
exercise were examined (156). 
 
As discussed above, for prevention of a decrease in 
NEAT resulting from hypocaloric dieting, an effective 
strategy could therefore be to recommend moderate 
voluntary exercising during weight reduction, and then 
to engage in NEAT-enhancing activities at the 
initiation of weight maintenance. This strategy could 
mitigate poor long-term compliance and substantially 
contribute to lower body mass preservation. However, 
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when purposeful training is initiated in combination 
with a hypocaloric diet, the exercise schedule must be 
moderate as too intense of an exercise regimen during 
caloric restriction can disproportionally reduce NEAT 
rather than stabilize it (157, 85). Otherwise, even 
purposeful exercise training cannot completely 
overcome hypocaloric diet-induced reductions of TEE, 
as the REE-component remains largely unaffected by 
this kind of intervention even when LBM is preserved 
(85, 72, 36, 80).  
 
From a practical point of view this is a central issue, as 
after weight loss reduced TEE will persist over years. 
This was recently shown by a follow up study on 
participants of the “The Biggest Loser” televised 
weight loss competition in the U.S.(158). Fourteen 
subjects who were severely obese lost approximately 
59 kg during a 30 week period of strenous physical 
exercise in combination with dieting. Fat mass was 
primarily lost, while LBM was largely preserved (158). 
Compared to baseline, by the end of the 30-week 
competition TEE decreased significantly by 800 kcal 
per day, which was mainly explained by the decline in 
RMR, approximating 600 kcal per day (158).  
Unfortunately, NEAT was not directly measured. 
However, keeping in mind that subjects underwent an 
intense physical exercise schedule it can be 
hypothesized that the observed difference of TEE and 
RMR (e.g. 200 kcal per day) was contributed to by a 
decline in spontaneous physical activity, which is 
comparable to earlier studies (157, 39, 72). After six 
years, the participants had regained 41 kg, TEE was 
reduced by roughly 400 kcal day-, and in spite of the 
significant weight regain, RMR remained reduced by 
600 kcal per day (158). Therefore, after six years, “The 
Biggest Loser” televised weight loss competition 
resulted in a total weight loss of approximately 12 kg 
in subjects who were previously severely obese. The 
data indicate that these individuals will have to live with 
remarkably reduced dietary energy needs, even after 
adjustment for body weight and age (158) that 
contributes to their ongoing weight regain. 

Remarkably, the fact that after six years the reductions 
in RMR were lower than TEE indicates that some form 
of compensation is occuring, but it is unclear which 
component of daily energy needs is accounting for it 
(Figure 1). From the previously reported findings it can 
surmised that decreased NEAT was one of the factors 
contributing to the large weight regain (158, 39). 
Indeed, it was shown that participants of the “The 
Biggest Loser” television show with high levels of 
physical activity over years had significantly lower 
body mass regain compared to subjects with low 
physical activity levels. Weight loss maintainers had 
physical activity thermogenesis of roughly 12 kcal/kg/d 
as compared to weight regainers with approximately 8 
kcal/kg/d, which was reflectetd by a significant 
negative correlation of body mass regain and physical 
activity levels (114). 
 
Overall, moderate voluntary exercise results in 
significantly preserved weight loss during hypocaloric 
dieting (159, 160), which can be a helpful tool for 
preventing significant decreases in NEAT that will later 
help to stabilize body weight loss. With initiation of 
weight maintenance, subjects should be encouraged 
to engange in actvities increasing NEAT, to 
compensate at least in part for the obligatory weight 
loss-induced reduction in RMR. As stated previously, 
additional voluntary exercise is a useful tool for weight 
maintenance, but engagement in NEAT-related 
activities can be more easiliy integrated in daily life and 
will therefore likely result in higher adherence and 
compliance rates. 
 
In terms of appropriate activities, it can be relatively 
easy to increase NEAT (Figure 10). Standing instead 
of sitting burns three times more kcal per hour, gum 
chewing increases energy expenditure four times, and 
stair climbing more than 40 times above resting levels 
(45). Ambulation (e.g., walking) in particular can raise 
NEAT and is easily performed at almost any place and 
at any time. But how can a goal of 2.5 hours of 
additional daily ambulation/standing time be 
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realistically be integrated into daily routine? A key 
problem is that people’s occupations and personal 
lives regularly contribute to prohibit this degree of 
adaptation (45). As one’s occupation is the principal 
determinant of NEAT in adulthood and can represent 
an efficient means of promoting physical activity (45), 
how NEAT can be primarily integrated at the site of 
occupation needs examining. One important issue in 
this context addresses transportation to work. Similar 
to the NHANES data for the United States (42, 43, 41), 
recent results from the English and Welsh 2011 
Census show that among the 23.7 million adult 

commuters, approximately 67% used private 
motorized transport as their usual main commute 
mode, while about 18% used public transport (161). In 
contrast, only 10.9% walked and 3.1% cycled (161). 
Thus, the majority of subjects rely on motorized 
transport. Promoting cycling or walking as a daily 
routine, not only with regard to transportation to work 
but also with respect to other daily needs (such as 
going to the grocery store), could represent a 
promising and realistic way for a majority of subjects 
to increase individual NEAT levels. 

 

 
Figure 10. Effects of physical activity on PEE/AEE and its components (adapted from (153)). 
 
Together, 2.5 hours of additional ambulation and 
standing time per day are proposed as goals for those 
considering weight loss. However, potential beneficial 
effects on weight loss could be at least partially 
compensated for by increasing energy intake from 
food. Increasing NEAT as an adjunct for weight 
maintenance could overcome potential compensatory 
effects to the low-calorie state and hypothetically 
represent an alternative strategy for body mass 
control.  
 

Limitations to Increasing NEAT 
 
A number of factors potentially affect time spent in 
NEAT, of which some (sociological and environmental 
factors) can be influenced, while others cannot 
(genetic and endocrine factors) (Figure 11). Two 
points are important to make. First, as was shown 
previously in this chapter, skeletal muscle can 
increase in fuel economy and work efficiency not only 
in response to the loss of body mass, but also so that 
benefits of NEAT may be diminished. Moreover, it has 
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also been reported that under weight-loss conditions, 
subjects with obesity oxidize proportionally more 
carbohydrates and less fat as compared to lean 
counterparts, and that differences in skeletal muscle 
metabolism and SNS activity underlie some of the 
observed differences between subjects who are and 
are not obese (reviewed in (21)). And second, even 
though regular physical activity can increase the 
capacity of skeletal muscle to oxidize lipids and to 

store glycogen (85), regular physical activity can also 
increase work efficiency and thereby possibly reduce 
the energetic costs of NEAT (85). Even so, given the 
known contribution of physical activity to body weight 
maintenance, the recommendation to patients who are 
overweight and with obesity to increase NEAT-related 
activities such as ambulation or bicycling is logical, 
even before definitive evidence is reported. 

 

 
Figure 11. Factors interfering with spontaneous physical activity and NEAT (adapted from (120)). 
 
CONCLUSION 
 
The epidemic of worldwide obesity in past decades is 
contributing to serious health concerns. Apart from 
poor diet, reduced physical activity and increased 
sedentary behavior contribute to the pathogenesis of 
obesity. Non-exercise activity thermogenesis is a 
highly variable component of daily total energy 
expenditure and essentially a function of 
environmental and individual factors. Whether caloric 

overfeeding systematically affects non-exercise 
activity thermogenesis is a matter of debate, while a 
negative energy balance due to voluntary caloric 
restriction and/or exercise can decrease it. As physical 
activity contributes to weight maintenance and 
prevention of body mass regain after hypocaloric 
dietary interventions, overcoming current obesogenic 
environmental pressures and increasing non-exercise 
activity thermogenesis could holds tremendous 
promise as a tool for body weight control. 
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