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However, we investigated the response during the early
phase of stabilization (1-2 min after standing up) because
the response has been commonly used in the clinical evalu-
ation of neural circulatory control (Wieling and Lieshout
1997). We were able to find significant differences in the
changes in BP responses even in the early phase of stabil-
ization after standing up in the orthostatic Schellong test,
which has been used in everyday practice. The increases in
the HR after standing up were uniformly observed in all
participants of this study. These results suggest that the sig-
nificant drop in the BP after standing up is not the result of
a decreased ability to produce compensatory HR responses.
Further studies using the sequential beat-by-beat measure-
ments of BP may detect a more severe drop in the BP after
standing up in patients of the absent VEMP group. How-
ever, the clinical significance of our results for dizzy
patients remains unclear, because there was no significant
difference in the score on the DHI among the three groups.

The male patients in the absent VEMP group showed a
significant drop in their DBP at 1 min after standing up;
however, no significant change was noted in the DBP at
1 min after standing up in the asymmetry VEMP and the
absent VEMP groups. A clinical study demonstrated that
the symptoms associated with unilateral otolith dysfunction
may be more swiftly compensated in comparison with dys-
function of the lateral semicircular canal (Hafstrom et al.
2004). The effects due to disorders of the vestibular-cardio-
vascular reflex in the asymmetry VEMP group might also
be rapidly compensated. Patients with bilateral vestibular
dysfunction often suffer from continuing symptoms
because of the vestibular decompensation. Our results may
therefore indicate that the bilateral disorders of otolith
organs may greatly influence the initial BP control during
posture transition for long time relatively (Yates etal.
1999), thus resulting in the occurrence of either lighthead-
edness or fainting when standing up rapidly.

Ray demonstrated that there was no gender difference in
the vestibulosympathetic reflex since sympathetic activa-
tion during head-down rotation in the prone posture was
similar in males and females. We herein considered the
gender difference for the following reasons. First, the SBP
of female patients in the absent VEMP group tended to
decrease at 1 min after standing up, but the difference was
not significant. We speculated that some female patients
might stand up more slowly to avoid transient OH in com-
parison with male patients since females generally have
greater orthostatic intolerance due to their decreased
responsiveness in terms of the mechanisms that underlie BP
regulation under orthostatic challenge. Therefore, it is pos-
sible that the compression of the venous vessels in the con-
tracting muscle of the legs due to the effort of standing in
females is weaker than that in males, resulting in a smaller
transient initial decrease in the arterial BP by standing up in
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females. Second, there were no significant differences in the
average SVV and CP% among the three female groups
classified based on the amplitude of the VEMP. The gender
difference in the VEMP responses has not been reported.
Our results therefore suggest that the vestibular dysfunction
in female patients might be well compensated for or might
possibly be small regarding the extension of the lesions in
the vestibular organs and/or nerves, resulting in that the BP
response of female patients in the absent VEMP group was
similar to that of female patients in the normal VEMP
group. In addition, the BP regulation is altered by the men-
strual cycle (Dunne et al. 1991). However, our study did
not control for the menstrual cycle in female patients; there-
fore, our results may have been different if the menstrual
cycle in the female patients had been strictly controlled.

The criteria for OH were fulfilled in 19.6% of patients in
the absent VEMP group, which was significantly greater
than the positive ratio for OH in the normal VEMP group.
Our results therefore support the hypothesis that gravicep-
tive disorders due to dysfunction of otolith organs may pro-
voke OH. Patients with vestibular damage often complain
of light-headedness and unsteadiness upon rapid motion,
and these symptoms have been thought to be due to vestib-
ular-ocular or vestibular-spinal reflex disorder. In addition,
the elderly often complain of symptoms associated with
OH, which have been explained by a decline of venous
return associated with muscle weakness, the decrease in
fluid volume, the increase of venous compliance, dysfunc-
tion of the baroreflex and the degradation of cardiac perfor-
mance (Rutan etal. 1992). The otolith organs are
vulnerable to degradation due to aging, and the vestibular-
cardiovascular response may be diminished with age (Ray
and Monahan 2002; Tanaka etal. 2009). Clinical physi-
cians should therefore consider that lightheadedness and
fainting when standing up may be associated with hypo-
function of the vestibular-cardiovascular reflex due to an
otolith disorder. Although further studies are needed to
evaluate the precise mechanism, we believe that the pres-
ence of a graviceptive disorder due to disease and/or
advanced age may induce OH.
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Damping control of balance in the medial/lateral direction
and the risk of falling in the elderly
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Aims: A proportional-integral-derivative (PID) control has recently been used as a control algorithm of body
balance. The purpose of this study was to elucidate an association of the proportional and derivative gain based on
the PID control gain for balance for quiet standing with the risk factor for falls in the elderly.

Methods: The movement of a marker on the back of 23 elderly participants (age 75.6 + 6.6 years) was measured by
our developed device with a complementary metal oxide semiconductor video camera and the trunk sway speed in the
medial/lateral (M/L) direction (I'55X) was calculated as absolute values of the whole time series. The PID control gain
(proportional gain: Kp, integral gain: Kj, derivative gain: Kp) was identified using the trunk sway data, and normalized
by individual height and weight (Kpn, Kpn and Km). Individual risk factor for falls was additionally assessed with the
Tinetti Performance Oriented Mobility Assessment (POMA) and the fall risk questionnaire.

Results: The score in the POMA and the Kpn significantly decreased with age (P < 0.01). The score in the POMA
showed a positive correlation with the Kpn, and negative correlations with the TSSX and Ky/Kp ratios (P < 0.01). The
average Kpn and the score in the POMA of fallers were significantly lower than those of non-fallers (P < 0.05).

Conclusion: These results suggest that the decreased damping control by derivative gain for balance in the M/L
direction is one of the risk factors for falls in the elderly. Geriatr Gerontol Int 2013; 13: 182-189.

Keywords: damping control, elderly, medial/lateral direction, risk of falling, trunk sway.

Introduction

Studies on the control of human upright stance in the
direction of the anterior/posterior (A/P) are popular,
because it is the direction of walking and falling;'?
however, recent reports have identified an association
between falling and instability in the medial/lateral
(M/L) direction.** Falling in a M/L direction often
causes hip fractures, thus resulting in a reduced quality
of life as a result of serious problems in standing and
walking, as well as falling forward or backward, espe-
cially in the elderly.® Maki et al. recently reported that
posturographic measurements in the M/L direction are
the best predictors of risk of falling in the elderly. The
parameters representing M/L postural control activity
were most strongly associated with a history of falls and
highly correlated with clinical risk factors for falling.*”
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Chiba etal. also showed that increased lateral trunk
sway during walking is one of the risk factors for falls in
the elderly.?

Recent studies have shown the importance of velocity
information, as well as position information, in control-
ling balance during quiet stance. In the central nervous
system (CNS) control using position and velocity feed-
back, a proportional-integral-derivative (PID) control
has been used as a working model of the body balance
control algorithm.?® In other words, the CNS detects
the error signal and activates the selected muscles to
generate the corrective torque to minimize the error
for keeping upright. The PID controller simulating the
regulation of postural balance carried out by the CNS
was defined by the proportional: Ky, derivative: Kp and
integral gains: Kj, respectively.

The increasing stiffness that is controlled by propor-
tional gain (Kp) alone induces larger overshoots and
longer settling time to maintain an upright position,
resulting in oscillatory behavior, whereas the increasing
of damping controlled by derivative gain (Kp) reduces
the magnitude of the oscillations with faster settling
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time to maintain an upright position. Swiftness, which
is controlled by integral gain (K}), can be used to reduce
steady state error during the upright stance; however,
its effect is thought to be much smaller than stiffness
and damping.” The elderly are generally thought to be
“stiffer,” especially the elderly that have experienced
a fall, who tend to show increased ankle stiffness in
comparison with non-fallers.® Co-contraction is one
mechanism for the elderly to increase stiffness when
exposed to changes in sensory information." This
action might be a compensatory response to balance
perturbation in the elderly to compensate for loss of
sensory and motor function as a result of aging in rapid
perturbation.

Decreased muscle strength associated with stiffness
control has been thought to be an important risk
factor for falls in the elderly. It has been reported that
the advantage of muscle strength training is the reduc-
tion of the risk of falling."? However, muscle strength
training alone is not sufficient to improve postural
balance. The falls might be also highly correlated with
balance disability as a result of loss of visual, vestibular
and proprioceptive inputs, which are associated with
the damping factor for postural control. Muscle
strength training combined with balance training is
therefore more effective to prevent falls in the elderly
with loss of sensory and motor function as a result of
aging.”®*'* However, how such training should be used
by older adults with risk factors for falls is not yet fully
understood.

The Tinetti Performance Oriented Mobility Assess-
ment (POMA) is a widely used clinical measure for
balance and gait of the elderly to determine the risk of
falling within the next year. The reliability and validity
of the POMA is well demonstrated.’>* However, the
POMA has some disadvantages in clinical practice.
First, it is relatively complicated to be implemented and
hence is time-consuming. Second, this tool has diffi-
culty in assessing subtle changes of training and treat-
ment. Third, the score in the POMA does not always
indicate therapeutic problems. The purpose of the
present study was to elucidate the stiffness and damping
control of balance in the M/L direction for quiet stand-~
ing with our newly-developed system, and to test the
benefit of the PID controller gain as a predictor of risk of
falling in the elderly.

Methods

Participants

We recruited the participants from patients who visited
Gifu University Hospital, and the present study
included 23 older adults (9 males and 14 females) aged
from 65 to 85years (75.6+%6.6 years) without any
pathology of musculoskeletal injuries or neurological

© 2012 Japan Geriatrics Society

disorders that impaired their ability to ambulate inde-
pendently. The local Ethics Committee of Gifu Univer-
sity Graduate School of Medicine approved the present
study. Written informed consent was obtained from all
participants after a complete description of the study.

Device and procedure for trunk sway assessment

The participants in the present study wore a white vest
with a 3-cm in diameter black circular marker attached
on the back at the level of the fourth thoracic vertebrate.
The participants were asked to keep standing with a
30-degree angle between the medial sides of the feet and
a heel-to-heel separation of approximately 2 cm. The
participants were told to look ahead at a 2-cm maker at
eye level at a distance of 1.5 m. The marker attached to
the participant’s back was tracked by complementary
metal oxide semiconductor camera, offering 1.3 million
pixels (ARTCAM-130MI; ARTRAY, Tokyo, Japan)
located 1.5 m behind the participants for 60 s, as previ-
ously described.” The capture resolution was set to
640 x 480 pixels; with 640 pixels in the x-direction. The
image recognition and data processing were computer-
ized with a recording speed of 15 frames per second
(Fig. 1). The image of the marker was binarized with a
differentiating histogram method, and the locus of the
center of the image was recognized and recorded on the
computer system. The scalar of the locus on real coor-
dinates could be calculated by the number of pixels
equivalent to the diameter of the marker. The average
trunk sway speed (TSS) was calculated as the absolute
values of the whole time series, and the altitude of the
measurement point was standardized in order to assess
the TSS between individuals, because the height of par-
ticipants differed. Therefore, the trunk sway speed in the
M/L direction (TSSX) was assessed to be the first differ-
ence divided by the time increment, which was adjusted
at a level of 1.0 m height from the floor. The trunk sway
in the M/L direction was selected, and all measurements
were carried out only in an eyes-open state.

Model description in upright stance

An inverted pendulum model was used, which includes
the structural characteristics of the pelvis connecting
the vertebral column and the two lower limbs with the
lumbosacral joint and hip joint respectively, based on
the model described by Winter etal! The distance
between the feet was assumed to be equal to the dis-
tance between the two hip joints, and the ankle joints
remained fixed in order to make the dynamics analysis
concise. The origin was set at zero (half way between the
ankle joints) and that the knees were locked. A partici-
pant sways to the right, and the vertical ground reaction
force (R) has the center of pressure (COP) located a

i,

distance “p,” and the bodyweight less the weight of the
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Figure1 The computer system for
measuring the trunk sway. The
computer system is composed of a
marker for image recognization,

a complementary metal oxide
semiconductor camera for image
recording and a personal computer for
data processing. A board with a red
circle marker was set 1.5 m in front of

Computer analysis
software

1.5m 15m

feet (W) acts at a distance “x” from the origin (Fig. 2).
The horizontal ankle reaction force is small (<1 N) in
the quiet stance, and therefore it can be ignored.

The distance of the pendulum about the origin (¥) in
this model could be calculated using the equation below
based on the trajectory of the marker on the back of the
participant. Considering the center of gravity from the
ankle to be located at a height of & (h was estimated from
the height of the participant based on the standard
ratio?’), the sway angle of the pendulum about the origin
in quiet stance (8) can be calculated by the equation
below because of the small angular sways. In addition,
as the 0 is very small,

X
f~—>
h

The center of mass (COM) in the quiet stance is dis-
placed by one single moment of reacting force, which
can be equal to the corrective torque to activate the
ankle and hip (T%) at the origin. In conclusion,

Tc=18-mgh 1)

(I: the moment of inertia of the pendulum acting about
the origin in this model, 8: angular acceleration of the
pendulum about the origin, m: body mass, g: the accel-
eration due to gravity)

PID control and simulation

The body dynamics and kinematics during quiet stance
were described using an inverted pendulum model. The
input to the body model was the corrective torque gen-
erated by the CNS in response to body motion and
disturbance. A PID feedback control mechanism was
proposed for the corrective torque generating process,

184 |

the participant to act as a visual target
at eye level.

and the PID controller was defined with the propor-
tional, derivative and integral gain factors (Kz, Kp and K)).
The corrective torque was calculated as shown in the
equation.

Te(t)=K0(t—t;,)+ K8t —t,)+ K,j'e(t—t,,)dt )
0

(ta is the time delay; K, Kp and K are the gains of a PID
control law)
Combining (1) and (2),

t
Kp0(t ~ 1)+ Kpb(t =1,)+ K, [0(t —1,)dt = [H-mgho  (3)
0

The delay time (z) includes the sensory time delay,
which represents the cumulative time loss as a result of
neural transmission from the sensory system (proprio~
ceptive, vestibular and visual systems) and the
command time delay, which represents cumulative time
loss as a result of the CNS decision-making process.
Using the trunk sway data for PID gain estimation, it
follows from the aforementioned equations that the
scalar parameters Kp, Kp, K;and #; can be identified by
observations of 8, and calculated by the least squares
method. A major contribution to the overall noise in
human postural control might stem from the sensory
organs.'® It might thus be plausible to add a noise source
to the sensory signal. There are several kinds of noise
that affect the sensory signal. However, the current
model includes only one noise source, which was
injected as a random disturbance torque obtained by the
low-pass filtered Gaussian noise source.

The CNS detects the error signal, and activates the
hip and ankle muscle to generate the corrective torque
to minimize the error. Humans maintain their body

© 2012 Japan Geriatrics Society
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Figure 2 An inverted pendulum model in the frontal plane
of upright stance. When a participant sways to the right, the
vertical ground reaction force (R) has the center of pressure
at distance “p” and the body mass acts at distance “x” from
the origin 0. 8, Sway angle of the pendulum about the origin
in quiet stance; g, gravitational acceleration; k, height from
the ankle to the center of gravity of the whole body; m, body
mass.

balance by adaptation of Kp, Kp and K;. The neural
controller properties are specified by the three constants
K», Kp and Ki, which scale the components of the control
torque, and are gain constants that determine the mag-
nitude of the position, velocity and time integral of the
angular deviation, respectively. The values of Kp, Kp and
K; were normalized as Ky = Kp/mgh, Kpn = Kp/mgh and
Km = Ki/mgh, where m is body mass, g is the acceleration
due to gravity, and k is height from the ankle to the
center of gravity of the whole body, because PID control
parameters are affected by bodyweight and height.

Tinetti Performance Oriented Mobility Assessment

The total POMA scale (POMA-T) consists of a balance
scale (POMA-B) and a gait scale (POMA-G). First, each

© 2012 Japan Geriatrics Society

participant was invited to carry out the eight manoeuvres
(sitting balance, rising up from a chair, immediate and
prolonged standing balance, withstanding a nudge on
the sternum, balance with eyes closed, turning balance
and sitting down) of the POMA-B, as described in the
original protocol.’® Second, each participant was invited
to walk, turn and walk back without a walking aid (ini-
tiation, step length and height, step continuity, symme-
try, path deviation, trunk sway, walking stance and
turning while walking), as described in the original pro-
tocol.” The POMA was scored based on either a three-
point scale (0-2) or two-point scale (0-1) representing
the most impairment, with lower scores indicating
increased fall risk. The participants with a total score of
<25 in the POMA-T might be at risk for experiencing
falls.’s

Fall risk questionnaire

The questionnaire, including some item self-
assessments designed to identify common risk factors
for falls, was carried out in all participants of the present
study. The difference in POMA-T, TSSX and PID
parameters were analyzed between two groups classified
based on the answers to following questions: (i) “Have
you had a fall in the past year?”; (i) “Have you had a
near fall in the past year?”; (iii) “Do you have a fear of
falling that restricts your activity?” and (iv) “Do you take
five or more prescription medication daily?”.

Statistical analysis

The correlations between the score in the POMA-T and
PID control parameters were analyzed with Spearman’s
correlation test. Non-parametric Mann-Whitney U-test
was carried out on the parameters of the aforementioned
examinations among groups because of unequal vari-
ances of the data among groups and the small number of
patients in the present study. The level of significance of
the two-tailed P < 0.05 was used throughout the study.
The data in this text represent the average * 1 standard
deviation of multiple measurements.

Results

The average score in the POMA-T, POMA-B and
POMA-G were 25.6+3.5 (range 17-28), 15.0+1.9
(range 8-16) and 10.5 £ 2.0 (range 5-12), respectively.
The average TSSX was 3.98 £ 1.62 mm/s, which was
significantly higher than that of a young age group
observed in a previous study (2.77 + 0.43 mmv/s). The
PID controller gains of Km, Kprn and Km were
0.046 £0.005, 0.005+0.002 and 0.00016 +0.00017,
respectively. The average Ky/Kp ratio, which represents
the dependency for stiffness or damping to remain
upright, was 9.9+ 3.7.

| 185

— 280 —




M Aoki et al.

The score in the POMA-T and the Kpn significantly
decreased with age (r=-0.8 and r=-0.63, P<0.01;
Fig. 3). There was a significant correlation between
Ky/Kp ratio and age (r=0.59, P<0.01). The TSSX
tended to increase with age (r = 0.4, P = 0.06); however,
Ky and Km never correlated with age (P> 0.05). The
TSSX negatively correlated with the Kpn (r=-0.48,
P <0.05); however, there was no correlation of the
TSSX with Ken and Km (P> 0.05). The score in the
POMA-T was significantly negatively correlated with
the TSSX (r=-0.53, P <0.01) and KyKp ratios (-0.53,
P <0.01), and the score in the POMA-T positively cor-
related with the Kpn (r=0.62, P<0.01; Fig. 4). The
score in the POMA-T was never correlated with the Kpn
(r=10.06, P> 0.05) or Km (r=-0.12, P> 0.05).

Differences in collected parameters between the par-
ticipants aged over 75 years and less than 75 years were
analyzed, because all participants aged less than 75 years
had a full score in the POMA-T and participants aged
over 75years had significantly lower scores in the
POMA-T. The average TSSX in participants aged over
75 years was 3.9 £ 1.8 mm/s, which was not different
from that in participants aged less than 75 years (4.1 +
1.7 mm/s, P> 0.05). There was no significant difference
in Kpn, Kpn and Km between both groups (P > 0.05).

The participants in the present study consisted of
four fallers and 19 non-fallers. There was no significant
difference in average age between both groups (fallers
79.5 £ 2.4 years, non-fallers 74.2* 6.8 years). The
scores in the POMA-T and Kprn (21.3+3.1 and
0.003 £ 0.001) of fallers were significantly lower than
non-fallers (26.8+2.1 and 0.006 +0.002, P<0.05;
Fig. 5). The KyKp ratios of the fallers (13.2 +4.2) was
significantly higher than that of non-fallers (8.7 £ 2.2,
P < 0.01). However, there was no significant difference
in TSSX, Kpn and K between both groups (P > 0.05).

The elderly who took five or more prescription medi-
cations daily (#=35) had significantly lower Kpn
(0.003 £0.001) and lower scores in the POMA-T
(22.6 £4.0) than the elderly who took four or fewer
prescription medications daily (n=18, 0.006 £ 0.002
and 26.7 £ 2.1, respectively; P < 0.05). The elderly with
a fear of falling (n=4) had significantly higher 755X
(5.7 £ 1.8 mm/s), lower Kpn (0.003 £0.001) and lower
score in the POMA-T (22.0 £3.9) than the elderly
without a fear of falling (n =19, 3.6 £ 1.4, 0.006 £+ 0.002
and 26.7 + 2.1, respectively; P < 0.05). The TSSX, Kmn,
Kpn, Km and POMA-T in the elderly with a near fall
(n = 10) were not significantly different from those in the
elderly without a near fall (n =13, P> 0.05).

Discussion
Previous studies emphasized the importance of the body

velocity information to remain upright in the control
system.>'®% A simple PID control as the feedback
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Performance Oriented Mobility Assessment (POMA-T),
balance scale (POMA-B) and gait scale (POMA-G) in all
participants. All correlations were significant at P < 0.01.
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sway speed in the M/L direction (TS5X), (b) normalized

and (c) the total Tinetti Performance Oriented Mobility

derivative gain (Kpn) and (c) proportional gain/derivative gain Assessment (POMA-T) between fallers and non-fallers.

(Kw/Kp) ratio. All correlations were significant at P < 0.01.
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*P < 0.05, #*P < 0.01 significant difference from non-fallers.
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mechanism regulated by the CNS with control strategy
based on the velocity information in an inverted pendu-
lum model has been reported.>*? Some studies have
shown that the elderly highly depend on the ankle joint
muscle mass to enhance the ankle stiffness during quiet
stance in comparison with young adults. The decrease of
the muscle mass induces disability of body balance,
resulting in increasing the risk for falls.'® However, the
value of Kpn, which is the proportional gain to control the
stiffness, did not increase with age in the present study,
possibly because the results in the present study were
analyzed with only data of the elderly aged more than
65 year. However, previous studies have shown that
dependency on the stiffness for maintaining postural
balance increases with age."! Masani et al. showed that
the K»/Kp ratio of the PID controllers in young adults was
in the range of 1.00-5.57.2° The K»/Kp ratio of the elderly
in the present study was 5.1-19.3, which was much
higher than the ratio of young adults in the study by
Masani et al. In addition, the KxKp ratio significantly
increased with age, and the ratio in fallers was signifi-
cantly higher than that in non-fallers in the present
study. The recurrent results suggest that an increase in
the dependence on stiffness control and a decrease of the
damping control with age for postural control might
thereby induce disability of repositioning to stably
upright, resulting in that the elderly are prone to fall by
unexpected external perturbation.?

The integration of multisensory information to obtain
position and velocity information of the body sway at
the CNS is necessary to stabilize the body.”® Several
studies have suggested that proprioceptive information
plays a significant role in the velocity feedback mecha-
nism for the control of quiet stance.’?® Age-related
deterioration of sensory and neuromuscular control
mechanisms might also be responsible for the greater
muscle activity of the elderly. Such changes could occur
in the elderly under conditions of decreased muscle
strength or with a decline in nerve conduction speed,
both of which have been shown to occur with age.** A
significant correlation between the TSSX and the Kpn in
the present study might show that the importance of the
body velocity information in the control system for
quiet standing in the elderly. The Kpn also significantly
decreased with age and positively correlated with the
score in the POMA-T in the present study. The present
results therefore suggest that the velocity feedback
mechanism for control of quiet stance is diminished
with age, and that the elderly who have a decrease of the
derivative gain for quiet standing are at increased risk for
falls. We believe that our system can be a simple and
convenient device to quantify the control strategy of the
CNS in order to predict the risk of falling.

It has been reported that the advantage of muscle
strength training is the reduction of the risk of falling.'?
However, there was no correlation between the score in
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the POMA-T and the value of Kzn, which is the propor-
tional gain to control the stiffness that is associated with
muscle strength. A recent study reported that enhanced
balance training can improve mobility of the elderly with
balance problems.” The present results might show
that balance training might be more efficient than
muscle strength training alone to prevent older adults
with decreased damping control for quiet standing from
falling.

The elderly are prone to depending on the informa-
tion of position parameters for postural control,
although the CNS in young adults uses a control strat-
egy that relies considerably on the velocity information
in the control system of quiet standing.!” The CNS
therefore controls some muscles to stay upright using
position and velocity feedback as the proportional-
derivative (PD) control, which is used to approximate
the control process that enables standing, and this
model provides valuable insights into balance-related
phenomena, such as body sway and falling.?**! The real
system for postural control using the neural control
system in humans is not as simple as the feedback
system of the PID controllers. In fact, the integral com-
ponent (K;) as the PID controller acts to attenuate the
oscillation of body sway. However, the K; has been
ignored, because the value of K; is much lower than the
value of the other controller gains (K and Kp), as also
observed in the present study. In addition, a recent
paper reported that quiet standing also requires cogni-
tive resources that can be influenced by aging* An
evaluation of the cognitive resources for the postural
control in the elderly might be required to evaluate the
mechanism of postural control in the elderly precisely.

The POMA-T score significantly decreased with age,
and correlated with Kpn and Kp/Kp ratio in the present
study. The POMA is designed to determine the risk of
falling within the next years for the elderly.® There was
no significant difference in 7SSX and Km between
fallers and non-fallers; however, fallers showed a
significantly lower Kpn and lower score in the POMA-T
than non-fallers in the present study. Similar results
were found in the elderly with a fear of falling and the
elderly who took five or more prescription medications
daily. The current results suggest that the feedback
mechanism based on body velocity information posi-~
tively contributes to the prevention of falling in the
elderly, and that the Kpn of the PID controller to remain
upright in the M/L direction could be the best predictor
of risk of falling in the elderly. The PID control model
has been used to approximate the control process that
enables standing, and this model can give us valuable
insights into the fall-prevention strategy in the elderly
with risk factors for falls by assessing the stiffness and
damping factor in the feedback system for postural
control. Further studies will be required to confirm the
present results, because the present study has a few
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limitations, including the fact that the number of par-
ticipants was small and it is necessary to evaluate what
physiological mechanisms are equivalent to neural
control in this model. However, further application
of this system for the assessment of fall prevention
might be helpful to elucidate the multiple mechanisms
responsible for postural control in the elderly.
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Abstract

The main pathology of dizziness is unilateral vestibular dysfunction and it usually disappears in a few days after the
reappearance of resting neural activity in the ipsilateral vestibular nuclei and the rebalancing of the bilateral vestibular
nuclei. However, some patients suffer from chronic dizziness because of a failure of compensation, which may be due
to maladaptive behavior, psychological disorders, and impairment of other sensory inputs or the chronic use of drugs
acting on the central nervous system. Patients with chronic dizziness often show autonomic dysfunction and psychologi-
cal disorder caused by the distress arising from inappropriate treatment for vestibular dysfunction. In addition, chronic
dizziness caused by bilateral vestibular dysfunction and central vestibular disorder is generally intractable. An approach

is therefore needed which addresses the various aspects of chronic dizziness in order to achieve a cure.
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Introduction

Dizziness is an extremely common complaint of patients
visiting primary care centers. The pathological processes
underlying the development of dizziness vary widely,
and patients consult with many different specialists, but
mainly visit the otolaryngology or neurology departments.
The most common pathology of dizziness is unilateral
vestibular dysfunction, which leads to severe symptoms
including vertigo and a tendency to veer or fall to the
affected side. The accompanying clinical signs are spon-
taneous nystagmus, roll and yaw head tilt and postural
unsteadiness due to contralateral limb extension and ipsi-
lateral limb flexion [1-3]. More rarely, the patient may
complain of transient vertical diplopia and ipsiversive
cyclotorsion of the eyes and a skew of the lower eye to
the lesioned side. These signs are related to the differ-
ences in the levels of tonic activity in the central vestibu-
lar nuclei due to peripheral vestibular disorders. Sponta-
neous nystagmus including static oculomotor dysfunction
generally recovers in two or three hours after the onset of
the lesion and disappears in a few days after the reap-
pearance of resting neural activity in the ipsilateral ves-
tibular nuclei and the rebalancing of the bilateral vestibu-
lar nuclei. Unilateral vestibular loss causes a vestibular
perception of an erroneous tilt of the body, which is en-
hanced when rapid perturbations of posture make soma-
tosensory cues difficult to interpret [4].

However, it may take more than a month for the central
nervous system (CNS) to adapt to the new input during
head motion [5]. Some patients complain of chronic diz-
ziness and transient vertigo provoked by certain envi-
ronment or activities. The former complaint shows in-
complete resolution of symptoms with persistent failure
of recovery from the initial insult to the vestibular system,
while the latter complaint demonstrates that it is usually a
subclinical disorder, but they suffer from recurrent epi-
sodes. There may be single or multiple reasons for the
failure of compensation [6]. First, they may have fluctu-
ating function in the peripheral or central vestibular sys-
tem (e.g. Meniere’s disease, autoimmune or hereditary
vestibular disorder, recurrent benign paroxysmal posi-
tional vertigo, BPPV). Second, they may be confined to
maladaptive behavior because they avoid the intermittent
symptoms associated with head movements due to ves-
tibular disorders, resulting in delay in the vestibular com-
pensation process. Third, psychological disorders such as
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preexisting or secondary anxiety and panic disorders may
interfere with the compensation process. Fourth, they
may have impairment of other sensory inputs (vision and
proprioception) which are required for balance recovery
(e.g. low vision, cataract, macular degeneration, and pe-
ripheral neuropathy due to diabetes and collagen disease).
Finally, the chronic use of drugs acting on the CNS de-
lays the compensation process (vestibular suppressant
drugs, meclizine, antihistamine, anticholinergic agents
and benzodiazepines).

It is important to distinguish these symptoms from on-
going altered and fluctuating functions of the inner ear
itself. Most patients have episodes of decompensation in
response to new physical or emotional stresses. It is help-
ful to distinguish central decompensation from a recur-
rence of the original ear problem for the successful
treatment of chronic dizziness. This paper reviews the
pathology and management of chronic dizziness.

Interview for Chronic Dizziness

It is important to understand the clinical course and fea-
ture of the dizziness based on the patients’ experiences.
The symptoms associated with dizziness during the acute
phase may be a clue to making the correct diagnosis.
Physicians should distinguish general unsteadiness from
a rotational sensation. Vertigo usually indicates vestibu-
lar disease and a sensation of tilting or falling may also
be provoked by vestibular disease. However, an inappro-
priate treatment for a long period can affect the nervous
system, resulting in weakness, which decreases the eve-
ryday activities. Therefore, the complaints of patients
may include not only vertigo and dizziness, but also dis-
equilibrium, lightheadedness, a floating sensation, fatigue,
poor concentration, disorientation, visual disturbances,
oscillopsia, headaches, anxiety and panic disorders, mus-
cle tension, depression, poor coordination, noise sensitiv-
ity, motion sickness, ear pain and hypersensitivity to light,
pressure or temperature changes.

The patient's disease history, employment history, life-
style, stress status and regularity of the menstrual cycle,
as well as medications being taken for other disease, (e.g.
anti-hypertension, tranquilizers, antidepressants) are usu-
ally required for the differential diagnosis of dizziness. It
is helpful to obtain an account of the patient’s perception
of their illness and the degree of functional daily disabil-
ity arising due to the presence of vestibular disorder.
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Table 1. Causes/diagnoses of chronic dizziness

Otological

Neurological

syndrome, Chiari malformation,

General

Panic disorder, anxiety, depression

Positional vertigo (BPPV), Labyrinthitis, Vestibular neuronitis,

Head & neck trauma, Meniere’s disease, Sudden deafness with vertigo,
Ototoxicity, Superior semicircular canal dehiscence syndrome, Paget’s disease
Perilymphatic fistula, Mal de debarquement, Enlarged vestibular aqueduct

Migraine-related vertigo, Acoustic neuroma, Multiple sclerosis,

ischemic brain change, Vertebral artery occlusion, MLF syndrome,
Parinaud’s syndrome, Spinocerebellar degeneration, Superficial siderosis,
Chronic subdural hematoma, Spontaneous intracranial hypotension,
Wernicke's encephalopathy, Presbyastasis, Opsoclonus-polymyoclonus

Orthostatic hypotension, Postural orthostatic tachycardia syndrome,
Inappropriate sinus tachycardia, Anemia, Hyperventilation, Hypoglycemia,
Adams-Strokes syndrome, Asymmetry eye acuity, Cervicogenic dizziness,

Evaluation for Chronic Dizziness

Vestibular Examination

The successful management of patients with chronic diz-
ziness requires an accurate diagnosis, assessment of the
vestibular and neurologic impairment and an understand-
ing of the degree of disability due to dizziness. Abnor-
mal eye movement and nystagmus are important signs to
diagnose the pathology of dizziness. When physicians
test for gaze evoked nystagmus, it is necessary to check
whether the patient has a gaze paresis. In right MLF syn-
drome, the patient will "see double" when looking to the
left, however the convergence is generally preserved [7].
Parinaud's syndrome shows abnormalities of eye move-
ment and pupil dysfunction with paralysis of the upgaze
[8]. In addition, the examination should be thorough so
that abnormal eye movements such as flutter-like oscilla-
tion, square wave jerks and opsoclonus-polymyoclonus
are not missed.

Frenzel goggles are extremely useful for evaluating
patients with vestibular disorders. Nystagmus can easily
be seen, because fixation is removed and the eyes are

OpmaMCESshttp:llwww.intermedcen(raI.hk/

magnified in a dark room. Recently, infra-red CCD Fen-
zel goggles have been recognized as a powerful tool for
use in place of the classical Frenzel glasses.

The Dix-Hallpike maneuver is essential for confirming
a diagnosis of BPPV [9]. The doll's eye reflex is an effi-
cient test to detect vestibular disorders. The caloric reflex
test is a test of the vestibulo-ocular reflex that involves
irrigating the external auditory canal with cold or warm
water or air [10]. The strength of this test is that it can be
used to detect a disorder of the right and left semicircular
canal separately for vestibular neuronitis, Meniere’s dis-
ease and other types of inner ear dysfunction. If patients
have a perilymphatic fistula, which is an abnormal con-
nection between the air-filled middle ear and the fluid-
filled inner ear, a compression of the air into the auditory
canal induces nystagmus to the opposite side, and rare-
faction induces a reverse nystagmus accompanying the
dizziness. The functions of otolith organs may be detect-
ed by the subjective visual or postural vertical test and
the vestibular evoked myogenic potential [4,11,12].
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Figure 1. MRI findings of patients with chronic dizziness. A: AICA syndrome in a 64 year-old female with a history of
paroxysmal atrial fibrillation, B: Superficial siderosis in a 60 year-old female, C: Dolichoectasia of the vertebrobasilar
artery in a 49 year-old male, D: Pontine infarction in a 65 year-old man with a history of hypertension. The arrows show
lesioned areas.

Figure 2. CT findings of a 30 year-old male with superior semicircular canal dehiscence before (A) and after (B) re-pair
of the roof with bone cement. C: Enlarged vestibular aqueducts in a 15 year-old male, D: Paget’s disease in 70 year-old
male. The arrows show the roof of the superior semicircular canal (A, B) and the arrow head shows the en-larged ves-
tibular aqueduct (C).
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General Examination

Chronic dizziness occurs as a comorbid condition with
the systemic conditions such as hyperlipidemia, diabetes,
hypertension, autoimmune disorders and ophthalmologi-
cal diseases. Orthopedic examination helps in the diagno-
sis of cervicogenic dizziness. An appropriate treatment
should be selected, because systemic conditions may
affect the vestibular compensation.

Complaints and physical findings in patients suffering
from chronic dizziness frequently vary, and it is therefore
important to assess how much their dizziness affects their
daily lives by using questionnaires such as the dizziness
handicap inventory (DHI). The DHI assesses precipitat-
ing physical factors associated with  dizzi-
ness/unsteadiness and the functional/emotional conse-
quences of symptoms as a measure of disability in pa-
tients with dizziness and unsteadiness [13].

Presbyastasis is the result of age-related physiological
changes in the three sensory systems (visual, vestibular
and somatosensory) and their central connections that
help to maintain balance. Presbyastasis is therefore a
complex condition involving many inter-related systems,
rather than a single lesion within the vestibular system
only, so the evaluation need to be holistic [14].

Patients with chronic dizziness frequently may show
autonomic dysfunction and psychological disorders
caused by distress arising due to an inappropriate treat-
ment for vestibular dysfunction. Therefore, autonomic
testing and psychological approaches may help to obtain
the correct diagnosis.

The orthostatic test should be routinely used for pa-
tients with dizziness, especially the elderly patients, be-
cause the elderly dizzy patients are often diagnosed as
symptomatic or asymptomatic orthostatic hypotension
and the poor control of blood pressure can be a cause of
chronic dizziness [15]. Stokes-Adams syndrome is rarely
caused by sick sinus syndrome or severe reflex bradycar-
dia, with asystole causing recurrent vertigo, chronic diz-
ziness and syncope. If the arrhythmia is not immediately
detected on the electrocardiogram (ECG), 24-hour Holter
ECG monitoring may be helpful [16].

Many studies have reported an association between the
vestibular dysfunction and psychological pathologies,
such as agoraphobia, anxiety, panic disorder and depres-
sion. Psychological disturbance should be assessed be-
cause the recovery of vestibular function may be impos-
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sible and vestibular compensation may not be completed
until the psychological factors have been appropriately
managed [17].

Imaging Examination

Brain MRI is an important diagnostic aid for acoustic
neuroma, multiple sclerosis, ischemic brain changes,
chronic subdural hematoma, the Chiari malformation,
spontaneous intracranial hypotension, dolichoectasia of
the vertebrobasilar artery, and superficial siderosis (Fig-
ure 1). Most patients with chronic dizziness have normal
findings on brain MRI, however cerebral white matter
lesions (WMLs) and lacuna infarction are frequently
found, especially in the elderly with chronic dizziness.
Special attention should be paid to the WMLs, because
they may be strongly associated with the development of
stroke and dementia in the future [18].

CT scanning can detect superior canal dehiscence, peri-
lymphatic fistulas due to cholesteatoma, enlarged vestib-
ular aqueducts and the Mondini anomaly. The paget’s
disease is a chronic osteodystrophy of unknown etiology
and its CT scanning shows demineralized temporal bone
producing deafness and vertigo [19] (Figure 2).

Furthermore by confirming that there is no abnormal
finding on their brain MRI, some patients can obtain re-
assurance and reduction of their anxiety about the dizzi-
ness possibly being due to a brain tumor or cerebral in-
farction.

Treatment for Chronic Dizziness

Surgical Treatment

Dizziness due to traumatic or idiopathic perilymphatic
fistula and canal bone erosion due to cholesteatoma in the
semicircular canal can be cured by surgical treatments.
Patients with superior semicircular canal dehiscence syn-
drome (SCDS) can experience vertigo and oscillopsia
evoked by loud noises and/or by maneuvers that change
the middle-ear or intracranial pressure (such as coughing,
sneezing, or straining). High-resolution CT scans of the
temporal bones demonstrate an opening in the bone that
should cover the superior semicircular canal. SCDS can
also be surgically treated by repairing the dehiscence
(Figure 2) [20]. Hearing loss or balance symptoms asso-
ciated with an enlarged vestibular aqueduct (EVA) can
occur when the endolymphatic duct and sac expand to fill
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the larger space. Surgical obliteration of the endolym-
phatic sac may be helpful for patients with EVA suffer-
ing from recurrent vertigo [21]. Spontaneous intracranial
hypotension (SIH) is caused by spontaneous spinal cere-
brospinal fluid leaks and is known to cause orthostatic
headaches and chronic dizziness. Epidural blood patch
therapy has been selected for patients with STH [22].

Conservative and Preventive Medi-
cine

Migraine related-vertigo can be controlled by specific
drugs. During an attack, triptans is efficient and other
beta blocker, calcium antagonists have been used as
prophylactic drug. Patients suffering from migraines
should watch their diet, and avoid consuming tyramine
such as that present in cheese, chocolate or red wine.
The vestibular symptoms associated with migraines are
very similar to those of Meniere’s disease and they are
frequently misdiagnosed as Meniere's disease [23]. Pa-
tients with Meniere’s disease are recommended to im-
plement salt restriction and diuretics, resulting in orthos-
tatic intolerance and orthostatic hypotension due to dehy-
dration. Conversely, patients with orthostatic hypotension
should consume salt and water to relief their symptoms.
Patients with migraine, Meniere’s disease or hypotension
are prone to suffer from motions sickness. The non-
pharmacologic interventions to treat or manage motion
sickness are the following: driving a vehicle instead of
riding in it, sitting in the front seat of a car or bus, and
drinking caffeinated beverages, along with mint and gin-
ger [24].

Patients with Meniere’s disease are usually treated with
betahistine and central sedative drugs with vestibulo-
suppressive or anti-emetic effect, and diuretic drugs are
effective in some cases. Control of stress is essential to
obtain a good prognosis, because patients suffering from
intractable Meniere’s disease show high concentrations
of stress-related hormones such as prolactin, vasopressin
and cortisol [25, 26]. A tympanostomy tube may be ef-
fective for certain cases of Meniere’s disease and
Meniette device delivering micropressure is a safe and
minimally invasive treatment for the intractable vertigo
symptoms of Meniere’s disease [27]. Endolymphatic sac
surgery has also been performed, however the clinical
efficiency of such surgical treatment has been controver-
sial. Intratympanic injection of gentamicin has been
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shown to be effective for intractable Meniere’s disease,
however, there is a risk of deafness developing in the
treated ear [28]. If elderly patients with Meniere’s disease
undergo destructive surgery, they may suffer from chron-
ic disequilibrium because of severe unilateral vestibular
dysfunction. The use of destructive surgery or medical
treatment using gentamicin must be carefully considered,
because it has been reported that about 50% of Meniere’s
diseases will progress to become bilateral [29].

Mal de debarquement is the persistent sensation of
swaying and imbalance following long travelling on
ships and airplanes and it usually declines over time.
However, the duration of the condition may continue for
years in certain patients. Vestibular suppressants may be
ineffective, but benzodiazepines can relieve the symp-
toms [30].

Chronic dizziness is often induced by autonomic or
cardiovascular diseases including essential orthostatic
hypotension (OH), neural mediated reflex syncope, mul-
tiple system atrophy, chronic heart failure, dehydration,
postural tachycardia syndrome (POTS), inappropriate
sinus tachycardia (IST) and, chronic fatigue syndrome.
OH is defined by the American Autonomic Society as a
systolic blood pressure decrease of at least 20 mm Hg or
a diastolic blood pressure decrease of at least 10 mm Hg
within three minutes of standing up [15]. POTS includes
symptoms of orthostatic intolerance associated with an
increase in heart rate from the supine to upright position
of more than 30 beats per minute or to a heart rate greater
than 120 beats per minute after standing up [31]. Patients
with IST usually have average daily heart rates in excess
of 100 beats per minute, and sinus tachycardia is always
present. Therefore, the possible causes of IST, such as
anemia, hyperthyroidism, volume depletion, fever, anxie-
ty disorders, medications and cardiomyopathy must first
be ruled out one by one [32].

Patients with orthostatic intolerance and dizziness
should be encouraged to make slow, dorsiflex foot
movements several times before standing, eat small, fre-
quent meals, consume adequate salt, increase their fluid
intake, elevate the head of their bed and wear compres-
sion stockings, all of which can help maintain blood vol-
ume. Patients should be also instructed to avoid standing
motionless, alcohol, hot baths and dehydration, which
provoke orthostatic dizziness. The use of vasopressors
like midodorine, clonidine and beta-blockers can also
relieve the orthostatic symptoms [33].
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Empirical Therapy

Vertical nystagmus often aids in the diagnosis of central
vestibular disorders. The compression of the caudal
brainstem by dolichoectasia of the vertebrobasilar artery
has now been included in downbeat nystagmus. Although
‘Wernicke's encephalopathy is a fairly common diagnosis,
and is associated with downbeat nystagmus induced by
vitamin B-1 deficiency due to alcoholism or hyperemesis
gravidarum, it is often missed or delayed in patients with
chronic dizziness and disequilibrium. A Chiari malfor-
mation is a congenital defect in the area of the back of the
head where the brain and spinal cord connect and often
result in downbeat nystagmus and dizziness. The treat-
ment for these diseases is empirical, however drugs in-
cluding clonazepam, gabapentin, baclofen and carbamaz-
epine may diminish the nystagmus and relieve the chron-
ic dizziness [34].

Superficial siderosis is associated with sensorineural
hearing loss, cerebellar ataxia and the pyramidal sign and
the diagnosis can be made with the MRI-T2 image repre-
senting an extensive hemosiderin deposits superficially
around brainstem and cerebellum (Figure 2). However,
there is currently no cure for superficial siderosis, only
treatments to help alleviate the symptoms and to help
prevent the development of further symptoms. If the
source of bleeding can be identified, then surgical correc-
tion of the bleeding source can be performed [22].

Spinocerebellar degeneration, stroke, multiple sclerosis,
cerebellar hemorrhage and infarction association with
vestibulo-cerebellar disorders can all contribute to the
development of chronic dizziness. Maladaptive postural
adjustment to avoid the head motion(s) provoking dizzi-
ness can lead to the development of neck discomfort and
headache, resulting in the prolongation of symptoms of
dizziness. There is no known cure for these diseases,
however physical therapy can be effective to slow down
or modestly reverse the symptoms [35].

Specific Physical Therapy

Recently BPPV has been attributed to canalithiasis, the
degenerative debris floating in the endolymph of the pos-
terior semicircular canal. The particle repositioning ma-
neuver for BPPV has therefore been recognized to be an
effective treatment [36]. Repetitive positional exercise
based on the hypothesis of cupulolithiasis is also helpful
for the BPPV [37]. However, less than 5 % of all patients
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with BPPV are not successfully managed using this tech-
nique, and surgical intervention such as plugging the pos-
terior canal may be considered. Osteoporosis due to a
decrease of estrogen disturbs the internal structure of the
otoconia and the attachment to the gelatinous matrix.
The accompanying increased concentration of free calci-
um in the endolymph and a reduction in its capacity to
dissolve the dislodged otoconia has also been reported
[38]. Therefore, the management of osteoporosis may
help certain BPPV patients suffering from recurrent
BPPV [39].

Vestibular exercise (VE) is a specialized mode of phys-
ical therapy which consists of adaptation, substitution
and habituation exercises. These exercises combine the
use of visual, somatosensory, and vestibular cues to im-
prove the gaze and postural stability in patients with ves-
tibular deficits. The goal of VE is to facilitate CNS com-
pensation and to reduce the impairments arising from
chronic dizziness and disequilibrium and to promote the
return to function. Visual-vestibular interaction exercises
and adaptation exercises encourage the adaptation of the
remaining vestibular system to rapid head motion in diz-
zy patients with unilateral vestibular disorder. Substitu-
tion exercises are used to improve balance and prevent
falls by using visual or somatosensory input to substitute
for absent or reduced bilateral vestibular function. Habit-
uation exercises are used to reduce postural dizziness
through repeated exposure to unpleasant stimuli. The VE
can also be used to slow down or slightly reverse the
symptoms of central vestibular disorders and Presbyasta-
sis [40,41].
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