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A multimodal assessment of balance in elderly and young adults
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AbstrAct
Falling is a significant health issue among elderly adults. Given the multifactorial 

nature of falls, effective balance and fall risk assessment must take into account 
factors from multiple sources. Here we investigate the relationship between fall 
risk and a diverse set of biochemical and biomechanical variables including: skeletal 
muscle-specific troponin T (sTnT), maximal strength measures derived from isometric 
grip and leg extension tasks, and postural sway captured from a force platform during 
a quiet stance task. These measures were performed in eight young and eleven elderly 
adults, along with estimates of fall risk derived from the Tinetti Balance Assessment. 
We observed age-related effects in all measurements, including a trend toward 
increased sTnT levels, increased postural sway, reduced upper and lower extremity 
strength, and reduced balance scores. We observed a negative correlation between 
balance scores and sTnT levels, suggesting its use as a biomarker for fall risk. We 
observed a significant positive correlation between balance scores and strength 
measures, adding support to the notion that muscle strength plays a significant role 
in postural control. We observed a significant negative correlation between balance 
scores and postural sway, suggesting that fall risk is associated with more loosely 
controlled center of mass regulation.

INtrODUctION

Falling poses a significant health risk for the elderly. 
As the baby boom generation moves into the over age 
65 demographic, the number of age-related falls will 
increase, highlighting the need for accurate and effective 
fall risk assessment tools. Unlike other age-related 
health problems that are often organ- or system-specific, 
fall risk is influenced by a complex range of factors 
involving neurological, cardiovascular, musculoskeletal, 
somatosensory, and vestibular components [1-4]. Risk is 
further exacerbated by external risk factors such as poor 
lighting, trip hazards, and uneven or slippery surfaces 
[2]. Fall risk assessment based on any of these factors 
individually can be misleading and lead to less effective 
intervention strategies. Accurate fall risk assessment 
should include evaluation of risk factors from multiple 
sources [5]. Researchers in selected studies and settings 

have used multifactorial fall risk interventions [5-7]; 
however, the relationship among fall risk variables is 
complex and still not well understood, and more work is 
necessary for a better understanding that will lead to more 
efficient fall prevention interventions. 

Quiet standing is a balance-related activity that 
involves contributions from both the musculoskeletal and 
proprioceptive systems, and represents an effective model 
in which to study their combined influence on balance 
regulation and fall risk. More specifically, we selected 
a quiet standing task for the present study because the 
postural sway outputs from the proprioceptive system 
are likely related to upper and lower extremity muscle 
strength and to serum biomarkers for muscle health, 
skeletal muscle-specific troponin T, sTnT.

Skeletal muscle troponin, a complex formed by 
three proteins (Troponin C, Troponin I, and Troponin T), is 
a critical component to muscle contraction, as it provides 
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a binding site for calcium ions (Ca2+) and subsequent 
actin-myosin crossbridge formation. Age-related changes 
in connective tissue surrounding the muscle can impair 
muscle integrity, resulting in leaking of troponins into 
the bloodstream and reduced muscle contraction efficacy. 
Therefore, the presence of skeletal muscle Troponin T 
(sTnT) in the blood is a potentially valuable biomarker 
for muscle health and sarcopenia, which is an important 
risk factor for falls [8-10]. In fact, previous work has 
shown that serum sTnT levels are sensitive to inactivity 
and exercise as demonstrated by decreased levels of sTnT 
among older adults after a 10-week strength-training 
regimen [9].

Age-related changes in upper and lower extremity 
strength are expected, given these age-related muscular 
effects. Previous work has shown clear evidence of age-
related declines in leg extension strength, defined as 
maximal leg extension torque, which relate to falls in older 
adults [11]. Grip force, an indicator of upper extremity 
strength is a potential but weaker predictor for fall risk 
because grip does not directly employ the muscles used in 
balance and mobility [11]. 

Postural sway, or horizontal movement from 
the center of gravity, is another component of balance 
impairment, as it reflects the postural control system’s 
ability to stabilize the moving center of mass. A large body 
of work has demonstrated age effects on sway, including 
age-related increases in sway amplitude [12-16]. While 
there are central factors that contribute to age-related 
changes in sway, peripheral effects such as sarcopenia, 
coupled with larger proportions of Type I and the loss of 
the more powerful Type II muscle fibers in older adults, 
is also important in the development of age-related sway 
patterns [17].

Fall risk is difficult to measure among older adults 
as it requires retrospective or prospective monitoring of 
falls for long periods of time. To avoid this limitation, 
many studies implement estimates of fall risk using 
qualitative instruments. For example, the Tinetti Balance 
Assessment (TBA) is an instrument used to estimate fall 
risk with a balance score categorizing participants as high, 
moderate, or low fall risk. TBA balance scores were used 
in this work as a proxy for true fall risk. 

To identify the potential for an interactive fall risk 
assessment strategy, we investigated the relationship 
among sTnT, muscle strength, sway, and balance score 
in a group of healthy, community-dwelling elderly adults 
when compared to a group of healthy young adults. We 
hypothesized that elderly adults, compared to young, 
would exhibit altered indicators of fall risk: (1) larger 
levels of sTnT and sway, reduced levels of upper and 
lower extremity strength, and lower balance scores; and 
(2) that changes in STnT, sway, and strength would have a 
significant correlation with balance scores. 

rEsULts

Age effects on sTnT, sway, strength, and balance 
scores

Mann-Whitney U tests revealed age-related 
increases in postural sway variables including center of 
pressure (COP) average velocity [VCOP: U = 0.00, p < 
.001], mean medial-lateral COP displacement [DML: U 
= 4.00, p < .001], and sway area [ACOP: U = 9.00, p < 
.05] (Figure 1). Age-related decreases in strength were 
observed in both left hand [FGrip,L: U = 0.00, p < .001] and 
right hand [FGrip,R: U = 0.00, p < .001] grip force, as well 
as maximal leg extension torque [TLeg: U = 3.00, p < .001] 
(Figure 2). Additionally, age-related decreases in all three 
balance scores were observed, including standing score 
[TStand: U = 0.5, p < .001], gait score [TGait: U = 8.0, p < 
.01], and total score [TTotal : U = 0.00, p < .001] (Figure 3). 
Although there was a 7% age-related increase in sTnT, 
this result did not reach statistical significance [U = 32.0, 
p = .743].

Relationship between balance scores and sTnT, 
sway, and strength measures

Correlation analyses by age group revealed that 
sTnT is negatively correlated with TGait [rho = -0.590] 
in the older group; however this result did not reach 
statistical significance p = .094).

Significant positive correlations were observed 
between balance scores and all measures of strength 
(Table 2). Significant negative correlations were observed 
between balance scores and several measures of postural 
sway, including VCOP, DML, DAP, and ACOP (Table 3). 

DIscUssION

Each year millions of adults over age 65 experience 
a fall [18]. Unfortunately, the problem does not end with 
the fall itself, since falls have now become the leading 
cause of both fatal and nonfatal injuries among elderly 
adults in the United States [19]. In 2013 alone, 2.5 
million nonfatal falls among elderly adults were treated in 
emergency departments and over 730,000 of these patients 
were hospitalized [18], generating direct medical costs of 
$34 billion dollars [20]. 

While the etiology of falls is multifactorial, research 
on risk tends to be reductionist. To our knowledge, to date, 
no others studies have simultaneously looked into several 
potential contributors or risk factors for falls ranging from 
strength to balance to a newly proposed serum biomarker. 
To address this gap, we conducted the simultaneous 
measurements of sTnT, left and right hand grip strength, 
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Figure 2: Means and standard errors of strength variables, including maximal left (FGrip,L) and right (FGrip,R) grip 
forces and maximal leg extension torque (TLeg).

Figure 1: Means and standard errors of sway variables, including center of pressure path velocity (VcOP), average 
medial-lateral (DML) and anterior-posterior (DAP) center of pressure displacement, root-mean-squared error between 
center of pressure and center of mass for medial-lateral (EML) and anterior-posterior (EAP) directions, and center of 
mass area (AcOP).
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Figure 3: Tinetti balance scores in young and older participants. Note that the sum of standing (TStand) and gait (TGait) scores 
is equal to the overall balance score (TTotal).

Table 1: Mean (SD) of all study variables in young adult (YA) and older adult (OA) participants
YA OA

TStand 15.880 (0.354) 12.220 (3.383)a

*TGait 12.000 (0.000) 10.220 (1.856)b

TTotal 27.880 (0.354) 22.440 (4.187)a

*sTnT (pg/ml) 40.088 (18.965) 42.889 (26.728)
FGrip,L(N) 123.154 (18.017) 56.060 (23.615)a

FGrip,R(N) 140.056 (21.412) 65.514 (26.357)a

TLeg (N-m) 156.563 (49.520) 68.589 (24.067)a

VCOP (cm/s) 0.722 (0.213) 1.841 (0.607)a

DML (cm) 0.062 (0.018) 0.301 (0.176)a

DAP (cm) 0.272 (0.149) 0.392 (0.192)
EML (cm) 0.056 (0.036) 0.184 (0.147)
EAP (cm) 0.105 (0.069) 0.181 (0.206)

ACOP (cm2) 0.290 (0.196) 1.73 (0.196)c

Significant age effects are denoted by superscripts in the OA column
ap < .001, bp < .01, cp < .05
sTnT was negatively correlated with TGait (rho = -0.590, p = .094) among older adult participants.
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leg extension strength, and postural sway to evaluate their 
relationship to fall risk as assessed using standing balance 
(TStand), gait (TGait), and total (TTotal) scores from the Tinetti 
Balance Assessment. 

We observed significant age-related changes in 
nearly all variables studied, largely supporting our first 
hypothesis. Elderly adults exhibited right grip strength, 
left grip strength, and leg extension strength levels that 
were 53.2%, 54.5%, and 56.2% lower, respectively, than 
those in young adults. This result clearly demonstrates 
age-related loss of muscle function (sarcopenia) that is 
well documented in the aging literature [21, 22], despite 
the lack of treatment and prevention, and even awareness.

All balance scores (TStand, TGait, TTotal) were 

significantly lower among older adults in comparison to 
young. The older adults in our study had an average overall 
balance score (TTotal) of 22.4 out of 28, which corresponds 
to the “Moderate” fall risk category. Young adults scored, 
on average, 27.9 out of 28, a nearly perfect score that 
corresponds to the “Low” fall risk category. While this 
clearly indicates an age-related increase in fall risk among 
our participants, care must be taken when interpreting this 
result: nearly all young adults received perfect scores, 
resulting in very small variation in comparison to older 
adults that may have contributed to a detection bias of the 
U tests and correlation analyses used. 

We observed an age-related increase in several of 
the postural sway variables measured, including center of 

Figure 4: Scatter plots depicting relationships between right grip force (FGrip,R, in lb). a. overall balance score (TTotal), b. 
standing balance score (TStand), and c. gait score (TGait); and between d. center of pressure area (AcOP) and TGait.
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pressure path velocity (VCOP), average medial-lateral center 
of pressure displacement (DML), and sway area (ACOP). The 
findings for VCOP, DML, and ACOP collectively represent 
an age-related increase in center of pressure magnitude, 
which has been observed elsewhere [23, 24] and may 
be interpreted as an age-related change characterized by 
less precise control of the moving center of mass [25-
27]. Although not statistically significant, we observed 
a trend suggesting an age-related increase in EML, which 
represents the difference between medial-lateral center of 
mass and center of pressure movements. In essence, older 
adults use a postural control scheme that is characterized 
by larger oscillations of the center of pressure around the 
center of mass (Figure 5).

Of the direction-specific center of pressure 
parameters (mean displacement and RMS error), only 

the medial-lateral ones exhibited an age-related increase. 
This result suggests that, given the lack of age effects in 
the anterior-posterior directional COP parameters, the 
differences in sway velocity and area are attributed mainly 
to age-related changes in medial-lateral components of 
sway. This finding carries implications for lateral stability 
among older adults, particularly given the emphasis in the 
literature on laterally-directed stability and falls [28-30].

Interestingly, we did not observe any significant age 
effects on sTnT, although there was a trend towards an 
age-related increase. One explanation for this observation 
relates to possible differences in activity levels between 
young and older adults. While we did not measure activity 
levels, anecdotal evidence from speaking with participants 
suggests that elderly adults in our study were active. If 
the young adults (who were college-aged) were relatively 

Figure 5: Representative medial-lateral center of pressure and center of mass time histories for young (top panel) and 
older (bottom panel) participants.

Table 2: Spearman correlation coefficients between balance scores and strength measures
FGrip,L FGrip,R tLeg

TStand 0.836a 0.846a 0.883a

TGait 0.731a 0.810a 0.605b

TTotal 0.858a 0.883a 0.806a

ap < .01, bp < .05
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sedentary, this may have minimized the differences in 
sTnT between age groups. Future studies should include 
information about participants’ activity levels in order to 
control for their potential confounding effect. Furthermore, 
while we apply a strict statistical comparison to detect age-
related changes in sTnT, one might also extrapolate from 
the cardiac troponin literature that a 7% increase in serum 
levels would in fact be considered pathological. Given that 
we are defining and proposing a new biomarker, and until 
several studies are conducted and a more detailed behavior 
for sTnT is determined, the possibility remains that a 7% 
difference could be of high physiologic significance. 

We observed significant correlations between 
balance scores and measures of strength, sway, and sTnT 
that largely support our second hypothesis. Although not 
reaching statistical significance, we found a negative 
correlation between gait balance score (TGait) and sTnT, 
suggesting that increased serum levels of troponin are 
associated with a decline in balance performance (at least 
on the gait portion of the TBA). Further analysis revealed 
that this effect was only present among older adults, as 
they were the only subjects who scored less than perfect 
on the gait portion of the TBA. This result has exciting 
implications for using sTnT as a biomarker for fall risk in 
older adults. However, care should be taken in interpreting 
this result: the variability in sTnT contributed to overlap 
between age groups, meaning there were some young 
adults with higher levels of sTnT who still received perfect 
scores on the gait portion of the TBA. This clearly suggests 
that age-related processes apart from sarcopenia play a 
role in older adults’ increased fall risk. Although we did 
not measure these in the current study, age-related declines 
in proprioception and vision may have also contributed 
to older adults’ lower gait scores. The variation in sTnT 
also demonstrates the need for future studies to have larger 
sample sizes.

All of our strength measures were positively 
correlated with balance scores, clearly demonstrating 
the link between muscle strength and balance ability. 
Although we did not perform regression analyses within 
age groups, visual analysis of balance scores plotted as 
a function of grip strength (Figure 4) demonstrate clear 
separation between the age groups and suggest that 
the significant relationship between grip strength and 
balance score can be attributed to variability among older 
adults. Additionally, these plots suggest the presence 
of a threshold level of strength below which there is an 
impact on balance ability. This is consistent with the idea 

of strength reserve in that a difference exists between 
maximal strength and task-specific strength requirements. 
Therefore, age-related decreases in maximal strength did 
not have an impact on task performance (balance ability, 
in this case) until maximal strength approaches or falls 
below task requirements [31]. 

All postural sway variables were negatively 
correlated with balance scores, with sway velocity, 
average displacement, and sway area reaching statistical 
significance. Graphical observation (Figure 4d) suggests 
that sway area in particular was a good predictor of 
balance ability, a result that is consistent with the age-
related [23, 24] and fall-related [32, 33] increases in sway 
reported elsewhere. As suggested above, this result may 
again relate to more loosely-controlled adjustments to the 
moving center of mass [25-27]. Graphical observation 
of the relationship between sway area and TGait score 
(Figure 4) also suggests that most of the variation in 
these variables is attributed to elderly adults. This effect 
is similar to that observed between sTnT and TGait in that 
the young adults participating all received perfect TGait 
scores; however there was much less variation in sway 
area in comparison to sTnT, to the extent that nearly all 
participants with sway area greater than ~100 mm2 had 
less than perfect gait balance scores. 

Despite its unique nature, our study has some 
limitations. Given its preliminary nature, our work 
is limited by small sample size and by the fact that 
measurements were only performed during a single visit 
to the laboratory. Further work with larger sample sizes 
is required to better understand the results observed 
here and to determine their effects when monitored over 
longer periods. The preliminary nature of this work also 
limited us to studying general age effects on the outcome 
variables. Given the goal of extending this work to develop 
a fall risk assessment paradigm, future studies should 
involve large enough sample sizes of elderly participants 
to provide an adequate comparison between those with a 
history of falls and age-matched controls. 

An additional limitation stems from the use of the 
Tinetti Balance Assessment as the sole fall risk estimation 
tool. While the TBA has shown to be highly reliable and 
sensitive to fallers [34], true fall risk assessment requires 
prospective or retrospective tracking of participants to 
monitor actual fall incidence, which was not done in the 
current study.

In contrast to these limitations, the uniqueness of our 
study arises from our observation that age-related effects 

Table 3: Spearman correlation coefficients between TBA scores and measures of postural sway
VcOP DML DAP AcOP EML EAP

TStand -0.778a -0.798a -0.310 -0.645a -0.400 -0.113
TGait -0.686a -0.696a -0.502b -0.806a -0.382 -0.341
TTotal -0.809a -0.815a -0.417 -0.744a -0.425 -0.210

ap < .01, bp < .05



Oncotarget13304www.impactjournals.com/oncotarget

in all of the measurements studied, including a trend 
toward increased sTnT levels, increased indices of postural 
sway, reduced upper and lower extremity strength, and 
reduced balance scores. Furthermore, we observed trends 
indicating a negative correlation between Tinetti scores, 
which assess fall risk, and sTnT levels, suggesting the 
use of skeletal muscle troponin T as a potential biomarker 
for fall risk among older adults. This finding supports our 
previous hypothesis that sTnT could function as a robust 
muscle biomarker because of its strategic location in the 
sarcomere, and its presence at high levels in the blood can 
easily be interpreted as muscle wasting or muscle damage. 
A significant positive correlation was observed between 
balance scores and strength measures, adding support to 
the notion that muscle strength plays a significant role 
in postural control. Finally, we observed a significant 
negative correlation between balance scores and postural 
sway, suggesting that fall risk is associated with more 
loosely controlled regulation of body center of mass. Our 
studies, while preliminary in nature, start to direct us that 
the multifactorial nature of falls might be revealed through 
a combination of strength, balance, and biochemical 
analyses. We propose now to further advance these studies 
by applying them to larger cohorts of younger and older 
adults and with different forms of interventions ranging 
from resistance training to nutritional ones. 

MATERiALS AND METHODS

Subjects

Eleven elderly adults, all female, (M = 88.3, SD = 
4.6 years) and eight young adults, all female, (M = 22.4, 
SD = 3.1 years) participated in the current study. Elderly 
adults were recruited from community sites at which 
the researchers had previously worked, and four had a 
previous history of fall. Young adults were recruited from 
the University of Missouri-Kansas City (UMKC) student 
body. All participants denied having any significant 
musculoskeletal, neurological, or cardiovascular 
conditions that would impair their ability to comply with 
study tasks, defined as the ability to stand or walk without 
assistance for 30 seconds at a time. UMKC’s Institutional 
Review Board approved all study procedures.

Procedures and measurements

Each participant completed a single visit to UMKC’s 
Human Motion Laboratory and, after signing informed 
consent, participated in the following procedures: (1) 
phlebotomy; (2) upper extremity grip strength test; (3) 
lower extremity knee strength test; (4) balance assessment. 

To determine serum levels of sTnT, a phlebotomist 
drew blood from participants into serum separator tubes. 

The blood was allowed to clot for two hours at room 
temperature and centrifuged at 1000 x g before serum 
samples were collected and stored at -80˚C until sTnT 
levels were determined using a commercially available 
ELISA kit (USCN Life Science Inc., Houston, TX, USA) 
following the manufacturer’s instructions. 

To evaluate upper body strength, grip force (FGrip,R, 
FGrip,L) was assessed by asking each participant to perform 
three maximal grip contractions with their right and left 
hands, with three minutes of rest between contractions, 
using a grip strength dynamometer (model DHS-176, 
Detecto Scale Co., MO, USA). For each hand, grip 
strength was determined as the highest force value of the 
three trials. 

To measure lower extremity strength, leg extension 
torque (TLeg) was assessed by asking each participant 
to perform maximal isometric leg extensions with 
the dominant leg while positioned on a multi-mode 
dynamometer (Biodex Medical Systems, Inc., Shirley, NY, 
USA). Participants performed three contractions of three 
seconds duration each; the maximum measured torque 
among the contractions was recorded as TLeg.

Balance was assessed with the Tinetti Balance 
Assessment (TBA), a clinical tool used to measure balance 
impairment based on performance in several activities 
including sitting, standing, turning around, and gait [35]. 
With the exception of gait, participants completed all 
components of the TBA with their feet in contact with a 
six-axis force platform (AMTI, Watertown, MA, USA). 
Two independent observers scored all TBA components; 
scores were aggregated into standing balance (TStand), gait 
(TGait), and total (TTotal) for each participant. Force plate 
data was captured at a sampling rate of 1000 Hz, and a 
separate center of pressure (COP) profile was recorded 
for each component of the standing balance portion of the 
TBA. While all components of the TBA were included 
in the aggregate fall risk score, only the eyes-open, quiet 
stance portion of the TBA was included in the quantitative 
sway analysis as stationary conditions are required to 
extract the biomechanical parameters of interest.

Data analysis

All force platform data was processed with 
MATLAB V14 (Mathworks, Natick, MA, USA). We 
extracted several different measures of postural sway 
from COP time histories, including average sway velocity 
(VCOP), medial-lateral (DML) and anterior-posterior (DAP) 
average sway displacement, and COP area (ACOP). 
Additionally, we generated transverse plane center of 
mass (COM) time histories for each trial using a zero-
point-to-zero-point integration algorithm [36], which 
were subsequently used to calculate root-mean-squared 
error (RMSE) between medial-lateral (EML) and anterior-
posterior (EAP) COM and COP time histories. 

To test the first hypothesis that age-related changes 
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would be observed in sway, sTnT, strength, and TBA 
score, Mann-Whitney U tests were performed on all 
outcome variables (upper and lower extremity strength 
measures, skeletal muscle troponin T levels, postural 
sway measures, and Tinetti scores) with age group as the 
independent variable.

To test the second hypothesis that a correlation 
existed between TBA score and measures of strength, 
sTnT, and sway, Spearman correlations were conducted 
to explore potential relationships among the variables. 
Spearman correlations were also conducted to examine 
this relationship by age group. All statistical analyses were 
conducted using the statistical software SAS version 9.3, 
with significance set at p < 0.05.

ACKNOWLEDGMENTS

The authors wish to acknowledge Vikas 
Gottemukkula, Sashi Saripalle, Jessica Zhang, Vicki 
Angelini, and Lyudmyla Savinkova for their assistance 
with data collection. This work was partially funded by 
a grant from the University of Missouri Research Board 
(UMRB-KCJ23/K3703049-K8714).

cONFLIcts OF INtErEst

The authors declare no conflict of interest.

rEFErENcEs

1. Pasquetti P, Apicella L and Mangone G. Pathogenesis and 
treatment of falls in elderly. Clinical cases in mineral and 
bone metabolism. 2014; 11:222-225.

2. Boelens C, Hekman EE and Verkerke GJ. Risk factors for 
falls of older citizens. Technology and health care. 2013; 
21:521-533.

3. Honeycutt PH and Ramsey P. Factors contributing to falls 
in elderly men living in the community. Geriatric nursing. 
2002; 23:250-255.

4. Stalenhoef PA, Diederiks JP, Knottnerus JA, Kester AD and 
Crebolder HF. A risk model for the prediction of recurrent 
falls in community-dwelling elderly: A prospective cohort 
study. Journal of clinical epidemiology. 2002; 55:1088-
1094.

5. Clemson L, Cumming RG, Kendig H, Swann M, Heard 
R and Taylor K. The effectiveness of a community-based 
program for reducing the incidence of falls in the elderly: 
A randomized trial. Journal of the American Geriatrics 
Society. 2004; 52:1487-1494.

6. Gitlin LN, Hauck WW, Winter L, Dennis MP and Schulz 
R. Effect of an in-home occupational and physical 
therapy intervention on reducing mortality in functionally 
vulnerable older people: Preliminary findings. Journal of the 
American Geriatrics Society. 2006; 54:950-955.

7. Gitlin LN, Winter L, Dennis MP, Corcoran M, Schinfeld S 
and Hauck WW. A randomized trial of a multicomponent 
home intervention to reduce functional difficulties in older 
adults. Journal of the American Geriatrics Society. 2006; 
54:809-816.

8. Tanimoto Y, Watanabe M, Sun W, Sugiura Y, Hayashida 
I, Kusabiraki T and Tamaki J. Sarcopenia and falls in 
community-dwelling elderly subjects in japan: Defining 
sarcopenia according to criteria of the european working 
group on sarcopenia in older people. Archives of 
gerontology and geriatrics. 2014; 59:295-299.

9. Abreu EL, Cheng AL, Kelly PJ, Chertoff K, Brotto L, 
Griffith E, Kinder G, Uridge T, Zachow R and Brotto M. 
Skeletal muscle troponin as a novel biomarker to enhance 
assessment of the impact of strength training on fall 
prevention in the older adults. Nursing research. 2014; 
63:75-82.

10. Scott D, Hayes A, Sanders KM, Aitken D, Ebeling PR and 
Jones G. Operational definitions of sarcopenia and their 
associations with 5-year changes in falls risk in community-
dwelling middle-aged and older adults. Osteoporosis 
international. 2014; 25:187-193.

11. Pijnappels M, van der Burg PJ, Reeves ND and van Dieen 
JH. Identification of elderly fallers by muscle strength 
measures. European journal of applied physiology. 2008; 
102:585-592.

12. Dettmer M, Pourmoghaddam A, Lee BC and Layne CS. 
Effects of aging and tactile stochastic resonance on postural 
performance and postural control in a sensory conflict task. 
Somatosensory & motor research. 2015:1-8.

13. Bergamin M, Gobbo S, Zanotto T, Sieverdes JC, Alberton 
CL, Zaccaria M and Ermolao A. Influence of age on 
postural sway during different dual-task conditions. 
Frontiers in aging neuroscience. 2014; 6:271.

14. Sarabon N, Panjan A and Latash M. The effects of aging on 
the rambling and trembling components of postural sway: 
Effects of motor and sensory challenges. Gait & posture. 
2013; 38:637-642.

15. Speers RA, Kuo AD and Horak FB. Contributions of 
altered sensation and feedback responses to changes in 
coordination of postural control due to aging. Gait & 
posture. 2002; 16:20-30.

16. Wingert JR, Welder C and Foo P. Age-related hip 
proprioception declines: Effects on postural sway and 
dynamic balance. Archives of physical medicine and 
rehabilitation. 2014; 95:253-261.

17. Sarabon N, Panjan A and Latash M. The effects of aging on 
the rambling and trembling components of postural sway: 
Effects of motor and sensory challenges. Gait & posture. 
2013; 38:637-642.

18. Tromp AM, Pluijm SM, Smit JH, Deeg DJ, Bouter LM 
and Lips P. Fall-risk screening test: A prospective study on 
predictors for falls in community-dwelling elderly. Journal 
of clinical epidemiology. 2001; 54:837-844.



Oncotarget13306www.impactjournals.com/oncotarget

19. National Center for Health Statistics. Deaths From 
Unintentional Injury Among Adults Aged 65 and Over: 
United States, 2000–2013. 2015. Available at: http://
www.cdc.gov/nchs/data/databriefs/db199.
pdf. Accessed May 1, 2016.

20. Stevens JA, Corso PS, Finkelstein EA and Miller TR. The 
costs of fatal and non-fatal falls among older adults. Inj 
Prev. 2006; 12:290-295.

21. Pahor M, Manini T and Cesari M. Sarcopenia: Clinical 
evaluation, biological markers and other evaluation tools. 
The journal of nutrition, health & aging. 2009; 13:724-728.

22. Morley JE. Sarcopenia: Diagnosis and treatment. The 
journal of nutrition, health & aging. 2008; 12:452-456.

23. Amiridis IG, Hatzitaki V and Arabatzi F. Age-induced 
modifications of static postural control in humans. 
Neuroscience letters. 2003; 350:137-140.

24. Laughton CA, Slavin M, Katdare K, Nolan L, Bean JF, 
Kerrigan DC, Phillips E, Lipsitz LA and Collins JJ. Aging, 
muscle activity, and balance control: Physiologic changes 
associated with balance impairment. Gait & posture. 2003; 
18:101-108.

25. Collins JJ, De Luca CJ, Burrows A and Lipsitz LA. Age-
related changes in open-loop and closed-loop postural 
control mechanisms. Experimental brain research. 1995; 
104:480-492.

26. Panzer VP, Bandinelli S and Hallett M. Biomechanical 
assessment of quiet standing and changes associated with 
aging. Archives of physical medicine and rehabilitation. 
1995; 76:151-157.

27. Amoud H, Abadi M, Hewson DJ, Michel-Pellegrino V, 
Doussot M and Duchene J. Fractal time series analysis of 
postural stability in elderly and control subjects. Journal of 
neuroengineering and rehabilitation. 2007; 4:12.

28. Singer JC, Prentice SD and McIlroy WE. Age-related 
changes in mediolateral dynamic stability control during 
volitional stepping. Gait & posture. 2013; 38:679-683.

29. King GW, Akula CK and Luchies CW. Age-related 
differences in kinetic measures of landing phase lateral 
stability during a balance-restoring forward step. Gait & 
posture. 2012; 35:440-445.

30. Rogers MW and Mille ML. Lateral stability and falls in 
older people. Exercise and sport sciences reviews. 2003; 
31:182-187.

31. Hortobagyi T, Mizelle C, Beam S and DeVita P. Old 
adults perform activities of daily living near their maximal 
capabilities. The journals of gerontology. 2003; 58:M453-
460.

32. Fernie GR, Gryfe CI, Holliday PJ and Llewellyn A. The 
relationship of postural sway in standing to the incidence of 
falls in geriatric subjects. Age and ageing. 1982; 11:11-16.

33. Muir JW, Kiel DP, Hannan M, Magaziner J and Rubin CT. 
Dynamic parameters of balance which correlate to elderly 
persons with a history of falls. PLoS One. 2013; 8:e70566.

34. Mancini M and Horak FB. The relevance of clinical balance 
assessment tools to differentiate balance deficits. European 
journal of physical and rehabilitation medicine. 2010; 
46:239-248.

35. Tinetti ME, Williams TF and Mayewski R. Fall risk index 
for elderly patients based on number of chronic disabilities. 
The American journal of medicine. 1986; 80:429-434.

36. Zatsiorsky VM and King DL. An algorithm for determining 
gravity line location from posturographic recordings. 
Journal of biomechanics. 1998; 31:161-164.


