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Abstract Epidemic excess of weight is considered as a crit-
ical and common health problem. It is associated with many
physiological and psychological disorders. Other than meta-
bolic problems, obesity also affects the efficient execution of
daily living activities such as the simple act of standing,
walking or grabbing an object while standing. This article
aims at presenting a state of knowledge of recent studies
illustrating the detrimental effect of obesity and the beneficial
effect of weight loss on postural stability and on the speed and
accuracy of upper-limb goal-directed movements performed
from a standing posture. Evidence supporting the sugges-
tion that greater strength and training, at least for stand-
ing conditions, do not overcome the functional limita-
tions imposed by obesity are presented. It is suggested
that obese individuals may suffer from a reduced plantar
sole sensitivity. As a conclusion to this work, we con-
firm the deleterious effect of overweight on motor con-
trol as weight loss translates into an improved balance
control and upper limb speed-accuracy performance when
standing.
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Introduction

The burden of obesity is widely known for its impact on
health from a physiological aspect. For instance, there are
associations with diseases such as type 2 diabetes, coronary
heart disease, pulmonary dysfunction, musculoskeletal dis-
ease, cancer and many others. The negative consequences of
obesity, however, extend well beyond these physiological
aspects. For instance, when compared to healthy-weight
people, the chances of suffering from a fall-related injury
requiring medical treatments are 15 to 79 % higher for
overweight individuals [1], and injuries such as sprains,
strains, and dislocations are more often due to falls [2]. In a
study of more than 7000 workers over a period of two years,
Pollack and Cheskin [3] also observed an increased rate of
knee, hand, wrist, and finger injuries among morbidly obese
workers (BMI >40 kg/m2) when compared to healthy
weight workers. Similar observations were made with a large
sample of adult Canadian workers [4]. Finally, a recent study
revealed that the use of a weight control program in the work-
place could reduce the frequency of several work-related inju-
ries among obese individuals [5]. Altogether, these epidemio-
logical studies support the suggestion of a strong link between
obesity and the frequency of work-related injuries involving a
fall or limbs injuries.

This manuscript presents evidence showing that obesity
modifies how fundamental daily activities such as standing
[6] or simply grasping or pointing to an object [7, 8] are
performed. A main hypothesis for suggesting that balance
control is perturbed in obese individuals is that plantar mech-
anoreceptors may be less receptive due to the continuous
pressure of supporting a large mass. This decreased sensory
information may explain why obese individuals are less stable.
Preliminary data supporting this hypothesis are presented.
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Overall, this review makes the case that losing weight may be
the only solution for improving balance control. This has
important clinical implications.

Obesity and Balance Control

External and internal forces acting on the erect body create
destabilizing events yielding postural oscillations. The postur-
al control system regulates these oscillations by maintaining
the vertical alignment of the body segments. When a person
stands on a force platform, the point of application of the
ground reaction forces under the feet (center of foot pressure,
CoP) is the outcome of the inertial forces of the body and the
restoring equilibrium forces of the postural control system. It
is generally accepted that the mean speed of the CoP displace-
ments is an indicator of postural stability with a greater speed
indicating a decrease in postural stability [9–11]. In the past
few years, several studies have shown the existence of a close
relationship between obesity and postural stability with obe-
sity leading to a decreased stability.

In particular, Hue et al. [12] revealed a linear relationship
between weight and the speed of the CoP displacement for
male subjects having a BMI between 17.4 and 63.8 kg/m2 of
25–61 years old; the heaviest participants showing the
greatest speed of the CoP. In this latter study, the results of
a multiple regression demonstrated that over 55 % of the
variance observed for the average speed of the CoP (with or
without vision) was explained by body weight. Age contrib-
uted very little to the prediction of postural oscillations (less
than 10 % of the variance explained for all evaluated regres-
sion models). This general detrimental effect of obesity on
balance control also has been observed for children [13, 14],
pre-pubertal boys [15], HIV seropositive patients [16],
young and athletic individuals with a BMI corresponding
to that of obese individuals [17•], genetically obese patients
[18], and older women [19]. To our knowledge, there is a
single exception to this general result [20], and it has been
questioned [21].

Perhaps, one of the most significant demonstrations that
obesity perturbs balance control is that of Teasdale et al. [6].
In this study, weight loss was induced in obese (hypocaloric
diet) and morbid obese individuals (bariatric surgery). These
subjects were tested before and after weight loss. A control
group also was tested twice at 6-month intervals. The key
result is that weight loss lead to a decrease in the range and
speed of the CoP. The magnitude of the decrease was directly
related to the amount of weight that was lost. The control
group did not show any change. These results are important
since they show that being overweight represents an impor-
tant postural constraint that negatively affects postural sta-
bility, and that weight loss has a direct effect on reducing
postural oscillations. Obesity could represent an important

risk factor for falls; a factor that has been given, up to now,
little attention.

Posture, Movement, and Obesity

For the vast majority of our daily activities, balance control
assists goal-directed movements and precedes a dynamic ac-
tivity (for instance, when reaching for an object from an
upright posture). Voluntary movements create forces upon
the whole body and the environment. These forces need to
be controlled to ensure stability and to accurately reach and
efficiently grasp an object. To counteract these forces, stabiliz-
ing motor commands (i.e., anticipatory postural adjustments)
occur prior to the limb movements [22–26]. Therefore, when
one points at a target or grasps an object, a less stable initial
posture could add a constraint and limit the performance. This
hypothesis was tested first with healthy weight participants
[27] using a Fitts’ type protocol [28], in which subjects pointed
as quickly as possible to a target of various sizes located in
front of them. In this type of protocol, the time required to
execute the pointing movement is directly associated with the
target’s size. More precisely, movement time generally in-
creases linearly with the index of difficulty of the movement
(ID=Log2 [2A / L], where A is the amplitude of themovement
and L, the target’s size). Two postural conditions were used;
sitting or standing upright. The location of the starting point
and targets’ relative to the body’s position (and eyes) were the
same for the two postural conditions. The hypothesis was that
standing upright, because it adds a postural constraint, should
lead to a greater slope for the movement time-ID relationship.
Results showed that movement time increased with an increas-
ing ID for both postural conditions. However, the increase in
movement time was greater when movements were executed
in the standing position. This observation was more pro-
nounced for small targets and was primarily caused by an
increase in the duration of the deceleration phase of the
pointing movement. Overall, these results confirm that the
control of balance represents a constraint for the execution of
accurate upper limb movements [27].

If obesity adds a postural constraint, then the slope of the
movement time-ID relationship should also be greater for
obese individuals than for individuals with a healthy weight.
Berrigan et al. [7] tested this hypothesis by comparing the
movement time-ID relationship of obese individuals (BMI
between 30 and 40 kg/m2) and healthy-weight individuals
(BMI <25 kg/m2) when they pointed to targets from a
standing position. In accordance to Fitts’ law, the movement
times of both groups increased with a decrease of the target’s
size (that is, with an increasing difficulty). For obese sub-
jects, however, the more difficult conditions (i.e., smaller
target sizes) resulted in a greater increase in movement time.
Moreover, obese subjects showed greater amplitude and
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speed of body oscillations confirming that obesity increases
body oscillations and reduces the performance of pointing
movements performed while standing. A subsequent study
demonstrated that a weight loss program improves the speed-
accuracy performance of pointing movements in the upright
posture [29]. No change in performance was observed when
movements were executed while sitting suggesting the im-
provement in performance was not a result of a local inertial
factor (that is, decrease mass of the upper limbs following
weight loss), but rather of a global inertial factor affecting the
control of balance.

These results emphasize that being overweight has a nega-
tive effect on the control of balance, and on the speed-accuracy
performance of upper-limb movements executed in a standing
posture. A similar observation was made by D’Hondt et al. [8]
in a study with children aged 6 to 10 years. These authors
compared the performance of children having a healthy weight
to that of obese children in a fine manipulation and manual
coordination task (Purdue Pegboard Task). The task simply
consists of picking up a small metal peg with one hand,
grasping it with the contralateral hand and placing it in a peg
hole. The performance for this task is measured by the number
of correctly placed peg in a given period of time. The task was
performed in a standing position on a normal support surface
or when both feet were positioned on a 4.5 cm large beam, thus
challenging balance control. The performance of all children
was reduced (fewer pegs placed correctly) when standing on
the narrow base of support; obese children, however, placed far
fewer pegs correctly compared to children with a healthy
weight when they stood on the beam. D’Hondt et al. [30] also
observed that differences in gross motor coordination between
obese and normal-weight children widens through a 2-year
interval. These observations confirm the work of Berrigan
et al. [7, 29] with adult obese individuals; when the control
of balance is incidental to the execution of upper limb move-
ments, obesity negatively affects the control of balance and
reduces the efficiency of upper limb movements.

Could an Increase in the Strength of the Lower Limbs,
Achieved through Training, be a Solution
to the Decreased Postural Stability of Obese Individuals?

To ensure balance, the motor commands directed toward the
postural muscles must compensate the system’s weight and its
deviations relative to a neutral position. An increase in the
body mass is necessarily coupled to an increase in the ampli-
tude of the motor commands sent to these muscles; this in-
troduces more variability in the motor commands controlling
body oscillations. This has been shown by Li and Aruin [31]
in a study where adding a mass simulating an excess weight of
20 and 40 % of the body mass resulted into an increase in the
activity of the postural muscles as well as an increase in the

amplitude of the CoP displacements. The work of Corbeil
et al. [32] also suggests that, for obese individuals, an in-
creased ankle torque is necessary to ensure stability after small
perturbations. Mathematical simulations demonstrated the an-
kle torques were even greater when the position of the center
of mass was more off-centered from the ankle joint, exceeding
in certain specific conditions, the maximal moment of force
that an individual can generate while standing. These results
suggest that a larger weight could be a potential risk for falls.

Several authors have proposed that a training program could
mitigate the negative effects of obesity on balance control
[33–35]. For example, Maffiuletti et al. [34] showed that a
weight-loss program combined with a six sessions balance
training program reduced trunk oscillations and enhanced the
time of balance maintenance for tests performed on a mobile
platform. An implicit hypothesis underlying this suggestion is
that the decreased postural stability of the obese individuals is
associated with reduced physical activity, which is often seen
among these individuals [e.g., 36]. Therefore, the hypothesis
presented by these authors [33, 34, 37] is that a regular physical
activity program would allow a better weight control and also
improve postural stability. In these studies, however, weight
loss and physical activity are two factors that cannot be disso-
ciated. Recent studies performed by our team provide impor-
tant information with that regard. Firstly, weight loss, when not
related to a regular physical activity program, leads to a de-
crease in strength. As an example, Hue et al. [38] showed that,
for obese subjects, a hypocaloric diet led to a weight loss of
11.8 kg (11.1 % of the initial weight) and to a 10.1 % decrease
of the lower limbs’ maximal force. For morbidly obese sub-
jects who received a bariatric surgery, the decrease in strength
was 33.5 % (weight loss of 70.8 kg corresponding to a loss of
46.3% of the initial weight). In another study [39], weight loss,
even when associated to a decreased strength, was associated
with significant improvements in postural stability (decreased
range and speed of the CoP). This result does not support the
suggestion that strength is a key factor for improving balance
control since a decrease in strength lead to an increased stabil-
ity. Several recent studies with different age groups also show
that little correlation exists between strength and postural sta-
bility [40, 41] and that strength (resistance) training programs
allow for an increase in strength, but have little beneficial effect
on the improvement of postural stability [42]. In order to
dissociate further the effect of training from that of weight on
balance control, we evaluated young active adults having a BMI
corresponding to the definition of an obese person (American
football players with an average BMI of 35.3 kg/m2) and having
above average lower limb strength [17•]. Balance control of
these participants was compared to that of sedentary obese
people (average BMI of 34.0 kg/m2) and that of people having
a healthy weight (average BMI of 22.5 kg/m2). Remarkably,
active obese participants oscillated as much as sedentary obese
people and these two groups showed greater speed and range of
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the CoP than participants having a healthy weight (mean CoP
speed of 0.83 cm/s, 0.87 cm/s and 0.60 cm/s, respectively for
the active and sedentary obese and for the participants with a
healthyweight with vision). These results were observed despite
the fact that the lower limb strength of active obese participants
(American football players) was nearly twice as large as that of
obese participants (1593 N vs. 796 N for the maximal force of
the quadriceps). At the time of the experiment, young active
obese participants took part in six sessions of training (i.e.,
strength and cardiovascular) per week while participants of the
two other groups were sedentary. Overall, this work suggests
that neither a non-specific muscular training, nor an important
muscular strength of the lower limbs improves the postural
stability of obese individuals. Rather, the weight of a person
(and weight loss) is a crucial determinant of balance control.

A limitation of the above work is that quasi-static conditions
were examined. One may argue that greater strength could
allow overcoming small perturbations or balance recoveries
following tripping events. Recent work by Matrangola and
Madigan [43] provides an initial response to this important
question. In their study, obese subjects were unable to recover
balance using an ankle strategy as well as normal weight in-
dividuals when perturbations involved an initial angular veloc-
ity. However, no differences between obese and normal weight
individuals were found when perturbations only involved an
initial angular displacement. The authors suggested a possible
beneficial effect of increased inertia on balance recovery after
perturbations only for conditions with little or no initial angular
velocity. This important effect of the initial conditions also was
suggested by Corbeil et al. [32]. In particular, these authors
mentioned that any delay in the onset of a corrective response
(which automatically leads to an increased angular velocity)
results in a need for a greater torque to stabilize the body.
Another study investigated the relationship between obesity
and falls (in middle-aged and older women) in both the com-
munity setting as well as the laboratory [44]. No difference was
found in the rate of falls in the community between healthy and
obese middle-aged and older women, but during the laboratory
based induced trips there was an increase in the rate of falls
(46 % vs. 25 %) for the obese compared to the healthy weight
individuals. These authors suggested that the difference in the
rate of falls for induced trips could be related to an altered
recovery response in obese individuals.

Obesity may Alter the Sensory Message Arising
from the Plantar Mechanoreceptors

The work of Roll and his collaborators [e.g., 45] suggests an
important contribution of the plantar mechanoreceptors for
controlling human balance through the detection of the body
position with respect to the vertical reference. Plantar sole
pressures vary with body weight. Despite the fact that obese

individuals have larger footprints, Gravante et al. [46] observed
that, when standing, the pressure peaks were 40 to 45% higher
among obese individuals compared to individuals having a
normal weight. Furthermore, Hills et al. [47] demonstrated,
by comparing eight anatomical regions under the feet of obese
people and normal-weight people, that all the plantar pressures
were higher in obese people. There is a possibility that these
higher plantar pressures could decrease the sensitivity of the
plantar mechanoreceptors. According toWeber’s law, the mag-
nitude of a stimulus (psychophysics differential threshold,ΔI)
is determined by the just-noticeable difference between two
stimuli [48]. The differential threshold would be directly pro-
portional to the initial intensity of the stimulus (I) and a
constant (Weber fraction, k) that depends on the sensory sys-
tem (ΔI=k • I). In other words, the capacity to perceive a
difference in the signal occurs only when an increase of the
stimulus exceeds a constant percentage of the initial intensity
of the stimulus. Bensmaïa et al. [49] have demonstrated this
relationship by showing that the distinction of the mechanore-
ceptors could be affected by a constant stimulus on the volar
region of the hand in monkeys. To our knowledge, this dem-
onstration has not yet been made at the level of plantar mech-
anoreceptors. According to Weber's law, overweight people
(because of a greater stimulation of their plantar mechanore-
ceptors compared to a healthy-weight person) would have a
higher differential threshold than individuals having a healthy
weight. This would entail that the capacity to perceive changes
in the position of the CoP is less efficient in obese people than
in healthy-weight individuals. By retaking in a simplistic man-
ner the data of Gravante et al. [46], we might speculate that the
differential threshold of obese individuals would be 40 to 45%
higher than that of healthy-weight individuals. This reduced
perceptual sensitivity could, at least in part, explain the in-
creased CoP speed and displacements characterizing balance
control of overweight individuals [6, 12, 14, 15, 50, 51].
Increased inflammatory responses related to obesity may also
affect the sensitivity of the neural receptors in the foot [52].
Weight loss could therefore allow regaining differential thresh-
old values comparable to those of healthy weight individuals
and thus explain the improved balance control observed in
Teasdale et al. [6].

To test this hypothesis, we recently examined whether an
added mass decreases plantar sole sensitivity when standing
upright [53]. Ten male subjects with a healthy weight (height
178±5 cm, weight 78.3±8.2 kg, BMI 24.7±2.2 kg/m2, age
23.9±3.8 years) stood on a custom-designed platform without
or with a loaded vest that increased their weight by 23 kg. Heel
plantar sole sensitivity was determined in weight bearing con-
ditions with and without the loaded vest via a psychophysical
approach (method of limits – reverse staircase approach). The
platform (70 cm×100 cm) was elevated from the floor, and a
portion of the standing surface was perforated with 0.15 cm
holes, spaced 2 cm apart. The holes were pierced so that a small
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aluminum probe (tip diameter=0.1 cm) could pass through and
come into contact with the foot sole. The probe was controlled
from beneath the platform through a linear actuator moving at a
constant velocity of 8.25 mm/s. A load cell was placed in series
with the actuator and probe tomeasure the force applied against
the plantar sole. Participants were instructed to look at the real-
time displacement of their CoP that was displayed on a screen
located at eye-level 70 cm in front of them. Specific CoP target
positions (neutral, forward leaning, backward leaning) were
presented in order to load/unload the heels. Changes in the
amplitude of the probe created changes in the force applied to
the heel of the plantar sole. In fixed increments (0.05 mm) the
probe amplitude increased (or decreased) as the subjects
responded ‘yes’ or ‘no’ respectively, based on their perception
of foot sole to probe contact. When a reversal of responses
occurred, for example, repeated ‘yes’ responses became a ‘no’
(or vice versa), the direction of the probe (ascending or de-
scending) changed. The mean sensitivity was determined by
averaging the force values at each of the reversals for each
condition (loaded/unloaded for the three body postures). The
key result of this study is that plantar sole sensitivity decreased
when participants wore the loading vest in the neutral and
backward posture (that is when heel receptors were loaded),
suggesting that an added mass during upright standing reduces
plantar sole sensitivity. When unloaded, a 20 g pressure
was sufficient to detect a probe contact whereas more
than 30 g was necessary when subjects wore the loaded
vest (an increased threshold of 30 % when loaded).
Obviously, this result needs to be confirmed with obese
individuals, but it clearly suggests that obese individuals
may suffer from a reduced plantar sole sensitivity.
Consequently, weight loss likely improves balance con-
trol by unloading the plantar sole leading to better
detection of CoP oscillations.

Conclusion

The importance of obesity as a factor in the prediction and
especially in the prevention of falls has received little atten-
tion. Obese individuals are less stable than healthy-weight
individuals and this decreased stability reduces the perfor-
mance of upper-limb movements. Without weight loss, it
seems that neither an active lifestyle including a regular
physical activity program, nor greater strength allows for
the mitigation of these negative effects of excess mass on
balance control [17•]. It may be that, for obese persons, a
combination of both increased mechanical constraints and
reduced sensation from the plantar mechanoreceptors trans-
lates in balance control impairments.
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