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Abstract 

 

Title of Dissertation: Age Associated Changes in Neuromuscular and Kinematic Landing 

Response to Sudden Loss of Ground Support Surface while Standing 

Ozell Sanders, Doctor of Philosophy, 2018 

Dissertation Directed by:  Mark W. Rogers, PT, PhD, FAPTA, Professor and Chair 

Department of Physical Therapy & Rehabilitation Science 

Background. With advancing age, the capacity to maintain balance after perturbations 

deteriorates due to a number of age-related sensorimotor deficits, and likely increases the 

risk for falls. The unexpected nature of falls triggers startle-like whole body postural 

responses. Startle responses are characterized by exaggerated whole body postural 

responses with increased muscle co-activity causing co-contraction during the first trial 

response (FTR) and normally diminish with repeated exposure due to behavioral 

habituation.  Previous work suggested that age-related abnormalities of exaggerated startle 

responses and habituation might influence protective balance and startle FTRs to sudden 

loss of the ground support surface.  Furthermore, while startle-like effects in younger adults 

are modifiable during self-activated (SLF) drop perturbations due to motor prediction, the 

extent to which this capacity is retained with aging is unknown.  

Aim. This dissertation 1) compared changes in protective balance and startle responses to 

unexpected and expected drop perturbations in relation to age during a) FTRs and b) 

subsequent trials; and 2) determined the modulatory effects of repeated self-triggered drop 

perturbations on reducing FTR magnitude evoked by externally triggered drop 

perturbations. 



Methods. Participants stood atop a moveable platform and received blocks of twelve 

consecutive trials of externally triggered (EXT) and self-triggered (SLF) drop 

perturbations. Following the last SLF trial, participants received an additional EXT trial 

spaced 20 minutes apart to assess retention (EXT RTN) of any modulation effects.  

Electromyographic (EMG) activity was recorded bilaterally over the sternocleidomastoid 

(SCM), middle deltoid (DLT), biceps brachii (BIC), vastus lateralis (VL), biceps femoris 

(BF), medial gastrocnemius (MG), and tibialis anterior (TA). Whole-body kinematics were 

recorded with motion analysis. Stability in the antero-posterior direction was quantified 

using the margin of stability (MoS). To quantify landing strategies, the mechanical work 

performed during drop landings was measured.  

Results.  Incidence of early onset of bilateral SCM activation within 120ms after drop 

onset was present during the first trial response (FTR) for all participants. Co-contraction 

indices (CoI) during FTRs between VL and BF as well as TA and MG were significantly 

greater in older adults compared to young (VL/BF by 26%, p<.05 and TA/MG by 37%, 

p<0.05). Reduced shoulder abduction between FTR and last trial responses (LTR) was 

present across both groups and indicative of habituation. Significant age-related 

differences in landing strategy were present between groups as older adults had greater 

trunk flexion (p<0.05) and less knee flexion (p<0.05) which resulted in greater peak vGRFs 

and decreased MoS compared to young adults. Motor prediction via self-triggered drop 

perturbations (SLF) reduced peak SCM response and VL/BF and TA/MG CoIs (p <0.05) 

across both groups.  Older adults significantly reduced peak vGRFs during SLF FTR 

compared to EXT FTR (2.40 ± 0.07 vs. 2.74 ± 0.07, p<0.05). Similarly, young adults 

significantly reduced peak vGRF during SLF FTR compared to EXT FTR (1.43 ± 0.08 vs. 



1.83 ± 0.07, p<0.001). Lastly, in both groups, more eccentric work was performed during 

SLF trials compared to EXT (p <.05). 

Conclusion. Drop perturbations of standing balance evoke startle-like reactions in young 

and older adults. Age-associated abnormalities of delayed, exaggerated, and poorly 

habituated startle/postural FTRs linked with less balance stability and increased joint 

stiffening with increased impact forces were present among older adults. However, 

protective balance and startle responses were modulated with motor prediction resulting in 

reduced knee and ankle co-contraction, reduced ground impact forces and improved 

balance stability. The observed difference coincided with a reduced SCM response 

amplitude indicative of a reduced startle influence.  
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CHAPTER I. INTRODUCTION AND BACKGROUND  

 

A. Significance  

 

The scientific investigation of standing balance addresses questions of how 

upright posture is maintained and falls are prevented. However, an increased 

susceptibility to falling is one of the major problems associated with advancing age and 

can be attributed to impaired balance function due to deficits in neuromuscular, 

sensorimotor, and musculoskeletal mechanisms  (Rubenstein et al. 1988; Sattin 1992; 

Lord and Dayhew 2001).  Falls are a major health problem among older adults. Every 

year approximately 30-40% of adults over the age of 65 fall at least once (Stevens et al. 

2006). Consequences of falls include moderate to severe injuries, increased fear of 

falling, and avoidance of activity (Kosorok et al. 1992). Among older adults who fall, 

fall-related injuries are a leading cause of death (Murphy 2000) . Furthermore, falls and 

their consequences are responsible for a large part of preventable health care costs with 

expenditures expected to approach $55 billion by 2020 (Stevens et al. 2006). With older 

adults expected to account for 20% of the US population by the year 2030, effective 

assessments and interventions are needed to help identify individuals who have increased 

risk of falls, and improve our understanding of dynamic postural control and its basic 

neurophysiology in relation to falls.  
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B. Postural responses triggered by falls  

 

A fall is described as an unexpected event in which a person comes to rest on the 

ground, floor or a lower level (Lamb et al. 2005). Typically, the downward motion 

experienced during a fall consists of horizontal and vertical components. A number of 

studies have isolated the vertical component of falls using free-fall paradigms via sudden 

release from an above ground suspension in order to investigate the neuromuscular 

responses triggered by a fall (Bisdorff et al. 1999b; Greenwood and Hopkins 1976b; 

Sanders et al. 2015). Free-fall paradigms simulate the vertical component of falls by 

having the participant experience a sudden downward motion of the body due solely to 

the effects of gravity. On the initial exposure, the unexpected nature of these events as 

well as the downward motion of the body triggers rapid and exaggerated whole body 

postural responses. Such responses have been termed first trial responses (FTRs) (Allum, 

Tang, et al. 2011a) and are associated with a number of different disturbances to balance 

while standing (Nijhuis et al. 2009), walking (Nieuwenhuijzen and Duysens 2007b), and 

sitting (Blouin, Descarreaux, Bélanger-Gravel, et al. 2003). FTRs are characterized by 

large electromyographic (EMG) responses which normally gradually diminish with 

repeated exposure due to habituation (Nijhuis et al. 2010; Allum, Tang, et al. 2011b). We 

observed the presence of rapid and exaggerated whole body FTRs and habituation in 

preliminary studies investigating the whole-body responses to unexpected freefall, 

suggesting that a combination of postural and startle responses are present (Sanders et al. 

2015). The combination of startle and postural responses to sudden loss of ground 

support may be superimposed upon the protective landing responses. Studies of human 

freefall among younger adults on release from an above ground suspension have 
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observed rapid muscular responses in the face, arm, and neck muscles that were reduced 

in magnitude through behavioral habituation after repeated trials (Fu and Hui-Chan 

2007b; Greenwood and Hopkins 1976b; Jones and Watt 1971). The presence of startle-

induced responses during FTRs may influence the protective limb responses by drawing 

in the limbs and stiffening the body in order to avoid potential injury upon landing. Thus, 

analyzing FTRs to unexpected free falls has relevance for identifying neuromuscular and 

biomechanical events contributing to falls and fall-related injuries.   

Most free fall studies have focused on responses which occur within 150ms after 

release. However, it is equally important for a person in the later component of a fall to 

trigger appropriate neuromuscular responses to safely attenuate large ground impact 

forces upon landing. The unexpected nature of falls initially triggers a startle response 

that interacts with postural reactions, which affects the landing response by increasing 

muscle co-activity and joint stiffness throughout the body and limits the amount of work 

done to arrest the downward motion of the body under the influence of gravity. Work is 

the product of force and the amount of displacement in the direction of the applied force. 

The work done during landing functions to dissipate kinetic energy acquired during free 

fall, thereby arresting the downward motion of the body. Due to the segmented nature of 

the human body, intersegmental forces are applied through the angular displacement of 

each joint, the sum of which represents the work done to dissipate energy during landing 

(Hori et al. 2008). Negative muscle work occurs in muscle lengthening (eccentric) 

contractions in which the force and displacement vectors are in opposite directions, 

which decreases mechanical energy. Studies of voluntary self-initiated jump landing 

movements among younger adults have observed that landing with less knee flexion (stiff 
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landing) resulted in less negative work done by the muscles and greater impact forces 

than landings with more knee flexion (soft landing) (Zelik and Kuo 2012). In addition, 

with repeated exposure to jump landings, young adults adapted their landing strategy to 

increase hip and knee flexion (Zhang, Bates, and Dufek 2000; Santello, McDonagh, and 

Challis 2001; Zelik and Kuo 2012). This indicates that soft landings are the preferred 

strategy to dissipate energy during landing and reduce the impact from falls. Currently, 

there is a lack of understanding in the adaptability of landing responses after repeated 

exposure to sudden externally imposed drop perturbations while standing. This 

knowledge may be important in identifying elements of protective landing responses to 

falls, which may lead to greater instability, fall risk, and injuries in older adults.  

 

C. Age-related changes in postural response to balance perturbations 

 

  A number of age-related neuromuscular deficits have been identified which 

increase the risk of falls. In response to horizontally-applied balance perturbations, older 

adults exhibit abnormally pronounced increases in postural movement duration, increased  

latency of response, increased muscle co-activity with joint stiffening, and difficulty 

coordinating multi-joint movements compared to younger adults (Lord et al. 2007). 

However, the effect of these age-related impairments on landing responses to unexpected 

drop perturbations is unknown.  

 During stair descent, mechanical energy transfer across lower limb segments 

showed less energy was expended at the ankle and knee during eccentric activity in older 

adults compared to young (Novak et al. 2011). Another study found that during stair 

descent, older adults landed with 26.6% greater leg stiffness than young adults and 
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attributed their finding to greater co-activity between knee extensor and flexor muscles 

(Hsu et al. 2007). Although these findings suggest that differences in landing strategy 

may be present between young and old adults during planned voluntary actions, no study 

has characterized reactive balance responses during unexpected drop perturbations from a 

standing position. Identifying age-related differences in FTRs and subsequent postural 

movements during standing drop perturbations will identify whether startle reactions due 

to falls are coupled with the landing response as evidenced by increased whole body 

stiffness, increased leg muscle co-activity, and a reduced amount of negative work 

performed during landing.   

D. Modulating landing responses through motor prediction  

 

Falls are often the result of unforeseen or “unplanned events” which can trigger 

landing responses which may not have been practiced. These unpracticed responses could 

be harmful due to an abnormal startle contribution and further exacerbate the impact from 

a fall. In younger adults, the presence of FTRs was eliminated or reduced in magnitude 

by using motor prediction when subjects self-activated the drop perturbation via a remote 

trigger switch (Sanders et al. 2015). While studies of predictive postural adjustments 

during planned movements in older adults have shown delayed timing and reduced 

magnitude changes (Kanekar and Aruin 2014), the ability to use motor prediction 

remained generally intact. This could prove useful as a means of modulating the effects 

of excessive startle response during landing movements through repeated exposures such 

that the impact forces from landing attenuate in a more effective (less stiff) manner. 

Previous work investigating fall-resisting strategies used by older adults due to slips 

showed that older adults who were re-slipped (unexpected) after experiencing blocks of 
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non-slip perturbations showed improved stability and limb support against a loss of 

balance (Pai et al. 2010; Pavol et al. 2002). Prior knowledge of the forthcoming 

perturbation led to the development of modified responses to the perturbation which 

resulted in the optimal movements necessary to improve stability (Pai et al. 2003).  

E. Mechanistic framework 

The initial pre-landing response that occurs within 100ms after sudden and 

unexpected loss of ground support elicits postural and startle responses possibly triggered 

by somatosensory and/or vestibular stimuli. It is most likely that the somatosensory and 

vestibular afferent inputs are responding to the change in mechanoreceptive ground 

contact as well as the downward acceleration of the body. These early responses are most 

likely coupled with voluntary modulation used to prepare for the forthcoming impact. 

The preferred strategy among younger adults exhibits greater knee and hip flexion at 

impact allowing more eccentric work to be done by the lower extremity muscles (Butler, 

Crowell, and Davis 2003). Muscles are comprised of small contractile units referred to as 

sarcomeres, which contain thick (myosin) and thin (actin) myofilaments, which overlap 

to allow for the formation of a cross-bridged bond. When an external load applied to a 

muscle exceeds the internal muscular force generated, the muscle will forcibly lengthen 

due to the high external load. The contraction of the muscle results from the formation of 

cross-bridges between the myosin and actin myofilaments, causing the actin chains to 

move away and thus lengthening the sarcomere. As the muscle lengthens, eccentric work 

is performed and the muscles performing the eccentric contraction absorb mechanical 

energy. Previous work suggests that the knees are the primary shock absorbers to 

attenuate the impact from falls (Decker et al. 2003). However, older adults have been 
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shown to have limited knee flexion during landing movements which may be a function 

of impaired timing of eccentric muscle activation (Stelmach, Populin, and Müller 1990; 

Saywell, Taylor, and Boocock 2012). Among older adults, the ability to control eccentric 

contractions is impaired and is associated with increased falls while walking down stairs 

(Yao et al. 2014). Given the difficulty in controlling eccentric actions, older adults may 

rely on alternative strategies such as increased co-activity at the knee and ankle muscles 

in order to brace for the impact of falls (Hortobágyi et al. 2001). Thus, we will begin to 

probe how age-related neuromuscular declines influence landing responses to drop 

perturbations and whether these deficits interfere with the ability for older adults to adapt 

their responses through repeated exposure. 

F. Controlled drop perturbations of standing balance 

The sensation of downward movement with gravity that typically accompanies a fall 

has been simulated primarily in forward-backward or sideways directions, i.e., 

horizontally balance perturbations. Few studies have developed a drop perturbation 

which allows the motion of the body to occur primarily in the vertical direction with 

gravity. One approach suspended participants in the air before releasing them into freefall 

(Jones and Watt 1971; Greenwood and Hopkins 1976a). Another approach lowered an 

angled mattress with participants lying in a supine position (Bisdorff et al. 1999b). 

However, both approaches failed to capture the initial conditions characteristic of 

naturally occurring falls (standing on a ground support surface). Therefore, a novel 

method of inducing a sudden freefall from a standing position was developed for this 

dissertation. To the best of our knowledge, no study to date has compared the landing 

response to unexpected drop perturbations between younger and older adults.  
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Hence, this dissertation is composed of three different studies that will provide 

insightful information about the influence of startle responses elicited by the sudden loss 

of ground support surface on balance recovery upon landing, and its relation to falls and 

related injuries among older adults, by:  

1-  Determining whether whole body postural response to sudden free-fall includes a 

startle-like response in young adults. 

2- Characterizing differences in landing response to unexpected drop perturbations 

of a standing support surface between younger and older adults during FTRs and 

subsequent trials with sudden loss of ground support while standing.  

3- Assessing the influence of motor prediction and participant awareness on landing 

responses by comparing the landing responses of externally triggered and self-

activated drop perturbations. 
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CHAPTER II. PROTECTIVE BALANCE AND STARTLE RESPONSES TO 

SUDDEN FREEFALL IN STANDING HUMANS1 

 

A. Abstract 

 

Background. Unexpected balance disturbances are frequently startling events that 

may often result in a fall. This rapid and exaggerated “startle-like” reaction incorporated 

into the balance stabilizing response in association with the tendency to fall appear to 

diminish with repeated exposures due to behavioral habituation. Thus, the term ‘first-trial 

reaction’ (FTR) describes the initial inexperienced, exaggerated startle-like balance 

disturbance response. Previous work suggests that FTRs are commonly seen for any 

sudden event that disturbs standing balance (e.g. pulls, pushes, slips, trips, collisions). To 

date, falls research has mainly focused on balance responses that stabilize the body in the 

forward-backward or sideways directions, i.e. horizontally. Yet, all events that disrupt 

balance and cause falling share the common universal element of downward motion of 

the body under the force of gravity. Limited data from studies of human free falls show 

rapid and exaggerated muscle activation FTRs that resemble the generalized muscle 

activity evoked by other strong sensory stimuli such as a loud sound that triggers a startle 

reaction. If the FTR to free fall is characteristic of the initial responses to other common 

threats to balance experienced during daily activities, then it is important to understand 

whether this reaction normally represents a protective anti-gravity response against 

collapse, or incorporates a startle response that may interfere with balance recovery.  

                                                           
1 Sanders, O. P., Savin, D. N., Creath, R. A., & Rogers, M. W. (2015). Protective balance and startle 
responses to sudden freefall in standing humans. Neuroscience letters, 586, 8-12. 
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Aim. Determine whether startle reactions contribute to the whole body postural 

responses following sudden freefall in standing humans. 

Methods.  Nine healthy participants stood atop a moveable platform and received 

externally triggered (EXT) and self-triggered (SLF) drop perturbations of the support 

surface. Electromyographic (EMG) activity was recorded bilaterally over the 

sternocleidomastoid (SCM), deltoid (DLT), biceps brachii (BIC), medial gastrocnemius 

(GAS), and tibialis anterior (TA) muscles. Whole-body kinematics were also recorded 

with motion analysis. 

Results.  Rapid phasic activation of SCM during the first trial response (FTR) was 

seen for all participants for EXT and for 56% of subjects for SLF. Reductions in EMG 

amplitude between the EXT FTR and later trial responses for SCM, DLT, and BIC and 

reduced arm movement displacement indicative of habituation occurred and exceeded 

adaptive reductions for SLF. These findings suggested that a startle reflex contributes to 

the exaggerated postural FTR observed during externally triggered whole-body free falls.  

B. Introduction 

 

Sudden unforeseen disturbances to balance, such as slips or trips, may evoke startle 

responses representing reflexive reactions to intense tactile, vestibular, or acoustic stimuli 

(Yeomans et al. 2002a). Startle responses are characterized by rapid bilateral 

sternocleidomastoid muscle activation within ~80ms of stimulus onset that propagates 

distally to limb muscles (Brown, Day, et al. 1991b; Carlsen et al. 2007a; Carlsen et al. 

2003), marked reduction of neuromuscular and movement response amplitudes between 

first and subsequent repeated trials due to habituation (Siegmund, Blouin, and Inglis 

2008; Blouin, Siegmund, and Timothy Inglis 2007), and large first trial 
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electromyographic responses with co-contracting muscles throughout the body. Rapid 

and exaggerated postural responses during first trial reactions (FTRs) triggered by 

transient external perturbations resemble startle responses and are seen during sudden 

events which disturb posture while standing (Bloem, van Vugt, and Beckley 2001; Oude 

Nijhuis et al. 2009a), walking (Marigold, Bethune, and Patla 2003; Nieuwenhuijzen and 

Duysens 2007a) and sitting (Blouin, Descarreaux, Belanger-Gravel, et al. 2003; Blouin, 

Siegmund, and Timothy Inglis 2007). Studies of FTRs following standing balance 

perturbations have mainly focused on responses that stabilize the body in forward-

backward or sideways directions, i.e., horizontally. Common to events that disrupt 

balance and result in falls is the gravity-driven downward motion of the body. Limited 

data from studies of human freefall where participants are hoisted above the ground and 

suddenly dropped, showed rapid and exaggerated muscle activation in FTRs resembling 

generalized muscle activity evoked by strong sensory stimuli such as a loud sound that 

triggers a startle reaction (Greenwood and Hopkins 1976a; Jones and Watt 1971). The 

validity of this approach is questionable given the initial lack of ground support, which is 

present prior to naturally occurring falls. If freefall FTR is characteristic of FTR to other 

threats to balance experienced during daily activities, then understanding whether FTRs 

aid or interfere with balance recovery is needed.  

Whether or not repeated standing freefall perturbations habituate is unknown. 

Moreover, modulating the exaggerated FTR component through participant awareness 

and motor prediction (central set) may occur on voluntary self-activated freefall 

perturbations compared with externally imposed perturbations, indicating externally 

triggered FTRs include a startle reaction (Fu and Hui-Chan 2002; Nakazawa, 
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Kawashima, and Akai 2009). Thus, the aim of the present study was to determine 

whether whole-body postural responses following repeated standing freefall perturbations 

from stable ground support resembled startle-induced reactions.  

C. Methods 

 

Nine healthy participants (five female) were enrolled (age 25.44 ± 2.3 years) and 

gave their informed consent to participate. The study was conducted in accordance with 

the standards of the Declaration of Helsinki and approved by the University of Maryland, 

Baltimore Institutional Review Board.  

1. Drop perturbation apparatus  

 

Participants stood atop a moveable platform (45.6 cm wide, 50.5 cm long) secured to 

a fixed rigid frame using four electromagnets, (12 V DC, Magnetech Corp) allowing a 20 

cm freefall onto a padded surface. The platform was soundlessly released via computer at 

randomized time intervals for externally triggered (EXT) reactive trials, or by push-

button remote during self-activated (SLF) predictive trials once a ready signal for trial 

start was given by the investigator. The time delay between trigger and release of 

electromagnets was approximately 100ms.  

2. Drop perturbation general procedures  

 

Each session consisted of twelve trials of EXT and SLF condition freefalls with EXT 

trials preceding SLF. Participants were fitted with a safety harness with adequate slack to 

avoid interfering with postural responses. Participants were positioned consistently across 

both conditions and instructed to look straight ahead and react naturally. Thirty seconds 

were allotted between trials within each condition. Freefall onset occurred without 



 

13 

 

warning in EXT trials, and was determined by participants who initiated it at a self-

selected time once the signal for the trial was given during SLF trials. To minimize 

habituation, participants received no practice trials and twenty minutes were allotted 

between the end of EXT trials and the start of SLF trials (Mang et al. 2012b). To evaluate 

the effectiveness of the washout interval in minimizing possible order effects, an 

additional cohort of five (one female) untested participants (age 23.6 ± 2.51 years) 

received sequential EXT trial blocks with a 20 minute break period.  

3. Kinematic recordings  

 

Kinematic responses were recorded via a six-camera motion capture system (VICON, 

Los Angeles, CA). Reflective markers were placed on the head, shoulders, elbows, 

wrists, and the drop platform to determine freefall onset. Data were sampled at 120Hz for 

5s following perturbation onset. Coordinate data were smoothed with a 4th order low-pass 

Butterworth filter with a cutoff frequency of 7 Hz (Winter 2009). Pilot studies indicated 

the presence of robust arm flexion-abduction postural/startle responses to externally 

imposed freefalls. Thus, initial peak shoulder abduction acceleration, defined as the 

maximum amplitude of acceleration elicited by initial shoulder abduction in response to 

platform release, was used as a representative kinematic marker. Reflective markers 

placed on the acromia and lateral humeral epicondyles bilaterally formed a two-segment 

model for determining the shoulder abduction angle relative to vertical, and shoulder 

abduction angular acceleration was determined by double differentiation of the angular 

positon data. 

4. Electromyographic (EMG) recordings  

 



 

14 

 

Electromyographic (EMG) activity was recorded (NORAXON, Scottsdale, AZ) 

bilaterally over the deltoid (DLT), biceps brachii (BIC), medial gastrocnemius (GAS), 

tibialis anterior (TA) muscles, as well as sternocleidomastoid (SCM) given the high 

probability of this muscle’s activation following a startling stimulus [3, 9, 24]. Data were 

recorded at 1500Hz from 2s before to 3s following the trigger signal and filtered online 

with a 10-500Hz band-pass filter before being high pass filtered (20Hz), rectified, and 

smoothed using a digital 4th order Butterworth filter. 

5. Data Analysis 

 

Customized graphical analysis programs (The MathWorks, Inc., Natick, MA) were 

used during EMG processing. EMG Onset was defined relative to perturbation onset as 

the time when the rectified EMG value exceeded mean plus three standard deviations 

(SD) from baseline (100ms before trigger signal) for 30ms. Peak EMG activity was 

defined as the maximal EMG value recorded within the initial phasic response and was 

normalized as a percentage of the maximal root mean square (RMS) amplitude obtained 

during FTR. Prior to statistical analysis, peak EMG amplitude values were log-

transformed to correct for skewed distributions and heteroscedasticity. 

6. Statistical Analysis 

 

The overall incidence of SCM activation within 100ms in FTR and subsequent trials 

between conditions was determined using Fisher’s Exact Test. Wilcoxon’s Signed-Rank 

Test was used to assess significance of temporal organization in FTR for EXT condition. 

If significance was found, post-hoc analysis was performed using Friedman’s test. To 

evaluate the effectiveness of a 20 minute washout period in minimizing habituation 



 

15 

 

carryover, sequential EXT FTRs before washout (Pre20min) and after washout 

(Post20min) were compared using Wilcoxon’s signed-rank test. The effects of repeated 

freefall perturbations on response parameters (EMG onsets and peak amplitude, and peak 

shoulder acceleration) were compared between initial and trials 2-5 for each condition 

using a one-way repeated measures ANOVA with four levels (EXT¬FTR, EXT2-5, 

SLFFTR, SLF2-5) on the log transformed values with Bonferroni post-hoc analyses. 

Significance for all statistical tests was set at p <0.05. Data are presented as mean ± SEM. 

D. Results 

 

1. Neuromuscular Responses  

 

Representative FTR bilateral SCM EMG activity during the EXT condition is shown 

in Figure 1.  
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Figure 1 Representative example trial of electromyographic (EMG) responses from 
bilateral sternocleidomastoid neck muscles following an externally triggered freefall 
perturbation of the standing support surface in one subject. 

 

Rapid phasic bilateral and synchronous SCM activity within 100ms after stimulus 

onset is a hallmark of  a startle response (Blouin, Inglis, and Siegmund 2006a). A larger 

proportion of early SCM activation (100% trials) from all participants during EXTFTR 

occurred compared to 56% of trials from five participants during SLF (p < 0.01). Across 

all trials, a larger proportion of SCM activity was present in the EXT condition (92%) 

compared with the SLF condition (36%) (P < 0.01). Incidence of SCM muscle activation 

decreased from first trial exposure to the last trial for both EXT and SLF conditions 
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(Figure 2). By the 12th trial, seven participants produced detectable SCM onsets during 

EXT compared to one participant for SLF.   

 

Figure 2. Presence of detectable sternocleidomastoid neck muscle responses for 
externally triggered (EXT, top rows black cells) freefall perturbation trials and self-
triggered (SLF, bottom rows grey cells) perturbation trials for all subjects and trials. 
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Mean EMG onset latencies for EXT and SLF conditions for all muscles generally 

occurred within 100ms after perturbation onset and ANOVAs for all muscle onset times 

were not significant (p > 0.05) indicating no differences between conditions or time 

points (Table. 1).  

 

Table 1 Group mean (±SEM) EMG onset latencies (ms) for externally-triggered (EXT) 
and self-triggered (SLF) freefall perturbations. 

 

No significant difference in temporal organization was found for EXTFTR (p = .121). 

SCM, DLT, and BIC onset latencies during EXTFTR were generally earlier for at least 

57% of participants compared to SLFFTR. EMG FTR amplitudes for EXT vs. EXT 

condition showed that the rest period resulted in statistically non-significant differences 

in EMG amplitudes during FTR for SCM, DLT, and BIC (p > .05) indicating that the 
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EXT and SLF FTR EMG amplitude differences were not likely attributable to the 

carryover effects of habituation (Table 2).   

 

Table 2 Group mean (±SEM) log-transformed peak EMG response amplitudes (μV) 
during sequential externally triggered (EXT) trial blocks and for EXT vs. self-triggered 
(SLF) freefall perturbations. 

  

 

 

A common pattern between EXT vs. SLF trials was observed for SCM, DLT, and 

BIC. EXTFTR was larger than EXT2-5, SLFFTR was larger than SLF2-5 and EXTFTR 

condition was larger than the SLFFTR condition (Table 2). These differences were 

significant with p < 0.01. TA amplitude was greater in EXTFTR compared to SLFFTR (p < 

0.01) and between SLFFTR and SLF2-5 (p = 0.02) but no differences were found between 
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EXTFTR and EXT2-5 (p = 0.07) and EXT2-5 and SLFFTR (p = 0.29). GAS amplitude was 

unmodified (p > 0.05) between first and later trials during both EXT and SLF conditions.  

2. Arm movement kinematics   

 

Figure 3 shows the means and standard errors (SEM) of initial peak shoulder 

abduction acceleration under each condition for FTR and trials 2-5.    

 

Figure 3. Group means and standard error of means (SEM) of initial shoulder abduction 
angular acceleration following EXT and SLF triggered freefall perturbations. Black bars 
denote 1st trial response and grey bars represent trials 2–5 response. Significant 
differences in the response within and between conditions are indicated with asterisks 
(*p < .05). 

 

A significant main effect (p <0.01) and post-hoc analyses indicated differences 

between EXTFTR and EXT2-5 (76.73 rad/s2 ± 8.32 vs. 47.12 rad/s2 ± 11.79 rad/s2, mean ± 
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SEM, p <0.05) and between EXTFTR and SLFFTR  (36.15 rad/s2 ± 6.46 ) and SLFLTR 

(24.63 rad/s2 ± 4.41  p < 0.05). 

E. Discussion  

 

In the present study, rapid and exaggerated neuromuscular and kinematic first trial 

responses and subsequent attenuated responses to an externally imposed freefall 

perturbation of human standing balance resembled the spatiotemporal characteristics of 

previously reported startle responses incorporated into postural reactions during standing 

[6, 22], walking [18, 21], and sitting [7, 9]. To our knowledge, our findings are among 

the first to show differences in the incidence and magnitude of FTRs in neck and upper 

limb muscles during freefall, resembling those classically associated with startle elicited 

by other strong stimuli such as a loud sound, as well as in the habituation behavior 

between externally triggered reactive perturbations compared with self-activated 

perturbations. These observations suggested that reactive responses to falls include a 

startle component, especially during the first unpracticed perturbation exposure. 

Consistent with the presence of a startle response during reactive freefalls was the 

high incidence of rapid (<100ms), bilateral and synchronous SCM neck muscle 

activation: a hallmark motor characteristic for identifying the presence of a startle 

reaction. SCM activation occurred for all participants on the reactive freefall FTR and in 

92% of the total trials compared with only five participants for predictive FTRs and 36% 

of the total trials. When participants had temporal certainty about the perturbation’s 

occurrence, they likely suppressed startling themselves through feedforward mechanisms. 

Overall neck and arm muscle response amplitudes were greater for reactive trials 

compared with predictive trials. These differences between the FTR and subsequent 
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responses of the EXT and SLF conditions further support the probability that the 

differences observed were, at least in part, attributable to a startle component. 

Another distinguishing feature of the classical startle response is its tendency to 

habituate with repeated stimulus exposure as indicated by a reduced incidence and/or 

magnitude of response. Our findings showed reductions in EMG response amplitudes 

between FTR and trials 2-5 for SCM, DLT, and BIC during both EXT and SLF trials.  

However, the group mean reductions in amplitude calculated from the original peak 

EMG values for SCM, DLT, and BIC with EXT exceeded those for SLF by 13%, 4%, 

and 20% respectively. These greater reductions, and the arm abduction amplitude 

reduction between FTR and trials 2-5 for EXT but not SLF (see below), were consistent 

with a habituated startle component additional to postural adaptations that occurred for 

both conditions. This further supports the likelihood of the incorporation of a startle 

component into reactive but not predictive freefalls. The onset timing latencies were 

unchanged over repeated trials for each condition, which is consistent with other past 

studies of postural and startle reactions (Allum, Tang, Carpenter, Oude Nijhuis, et al. 

2011). 

Despite habituation-like changes in neck and upper limb muscles during EXT trials, 

EMG amplitudes remained unchanged for the lower limb muscles TA and GAS while TA 

responses for SLF were reduced over repeated trials. This may reflect the need to 

maximize joint stabilization on landing impact when temporal unpredictability about the 

perturbation onset limits the use of more predictive control strategies. The observed 

difference in modulation patterns between EXT and SLF EMG amplitudes for TA 

suggested that ankle muscle co-activation might play a role in balance stabilization to 
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freefall, which can be modulated with repeated exposures when such perturbations are 

more predictable possibly resulting in a less stiff ankle joint and smaller landing impact 

force [12]. 

To further probe startle contributions to protective balance responses, we studied 

upper limb movements, which are known to accompany startle reactions to different 

forms of high intensity stimuli (Maki and McIlroy 1997; McIlroy and Maki 1995a). 

Similar to arm EMG responses for the EXT condition, robust shoulder abduction FTRs 

resembling those described for the parachute reaction seen during normal infant 

development were observed and subsequently habituated in amplitude by half during 

trials 2-5. Smaller amplitude SLF FTRs were unmodified during subsequent trials 

reflecting a lack of adaptation or habituation when perturbations were self-activated. This 

finding further supported the likelihood of a startle contribution to EXT triggered postural 

responses. Parachute reactions are characterized by abduction of the arms with extension 

of  the elbows and wrists and represent a normal protective reflex elicited when an infant 

is held in ventral suspension and tilted abruptly forward toward the floor (Zafeiriou 

2004a). However, it remains unknown whether the response is disruptive or protective 

during falls among adults. If the presence of the parachute response is a common 

occurrence during FTRs to sudden balance disturbances, then further investigation of 

older adults and other clinical populations at risk for falls should be conducted in order to 

understand potential abnormalities in protective arm responses during falls. This could 

help shed light on underlying neurophysiological mechanisms for fall recovery in at risk 

individuals. 
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 The neural processes underlying startle and postural responses involve brainstem 

structures including the ponto-medullary reticular formation and vestibular nuclei 

stimulated by multisensory inputs with activation of spinal motor neurons over the 

reticulospinal and vestibulospinal pathways (Yeomans et al. 2002a). During a freefall 

perturbation, the sudden removal of mechanoreceptive stimulation to the soles of the feet, 

an abrupt loss of load proprioceptive input to the lower limbs, or downward vertical 

acceleration of the head engaging the otoliths may have contributed to triggering and 

adapting the rapid neuromuscular responses. Feedforward modulation of brainstem and 

spinal circuits over corticofugal and corticospinal pathways during the SLF condition 

may also have accounted for differences in responses between the conditions (Fu and 

Hui-Chan 2002). Cerebellar involvement in the adaptation of postural response patterns 

may be further implicated in changes occurring with trial and error practice (Bastian 

2006).  

A study limitation was that no direct comparison was performed between freefall 

induced response profiles indicative of startle and those triggered by a known standard 

reference stimulus such as a loud sound (Oude Nijhuis, Allum, Valls-Sole, et al. 2010; 

Blouin, Siegmund, and Timothy Inglis 2007). Studies comparing neuromuscular 

responses to a startling acoustic stimulus with sudden tilts of a standing platform (Oude 

Nijhuis, Allum, Valls-Sole, et al. 2010) or freefall of an angled mattress while recumbent 

(Bisdorff et al. 1999a; Bisdorff, Bronstein, and Gresty 1994) showed similarities between 

the different forms of eliciting stimuli. We also did not randomize the presentation order 

of the freefall perturbation stimuli, and as a result, it is possible that habituation effects 

obtained during EXT trials carried over to SLF condition trials rather than the latter being 
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attributable to a feedforward modulation of response incidence or amplitude associated 

with the SLF condition. To minimize such effects, 15-20 minutes were allotted between 

successive trial blocks similar to a previous study involving whiplash perturbations 

(Mang et al. 2012a).  

F. Conclusion  

 

Presence of rapid neck and limb muscle activation, larger FTRs, and subsequent 

habituated responses suggested that especially FTRs to externally imposed freefall 

include a startle component together with balance stabilizing responses. EXT FTR 

incidence and EMG response amplitudes for neck, shoulder, and elbow muscles 

decreased after repeated perturbation exposures to a greater extent overall than for SLF 

activated responses, likely indicating the presence of startle habituation in addition to 

postural adaptation. EXT triggered neuromuscular responses were accompanied by arm 

abduction movements resembling the parachute reaction of normal infant development 

which were reduced with trial repetition and were smaller overall during the SLF 

condition without habituation. These findings have neurophysiological implications for 

understanding fall recovery mechanisms for at risk individuals such as older adults and 

those with clinical conditions.  
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CHAPTER III. AGING CHANGES IN PROTECTIVE BALANCE AND 

STARTLE RESPONSES TO SUDDEN DROP PERTRUBATIONS1  

A. Abstract 

 

 Background.  Falls and their consequences are among the major problems in the 

medical care of older individuals. With advancing age, the capacity to maintain balance 

after perturbations deteriorates due to a number of age-related sensorimotor deficits, and 

likely increases the risk for falls. The unexpected nature of falls triggers startle-like whole 

body postural responses. Startle responses are characterized by exaggerated whole body 

postural responses with increased muscle co-activity causing co-contraction during the 

first trial response (FTR) and normally diminish with repeated exposure due to behavioral 

habituation. Previous work suggested that age-related abnormalities of exaggerated startle 

responses and habituation might influence protective balance and startle FTRs to sudden 

loss of the ground support surface. Whether the FTR during sudden drop perturbations 

influences the landing response will be important to determine as well as whether it 

enhances balance recovery or is problematic and precipitates falls among older adults.  

 Aim. This study investigated aging changes in protective balance and startle 

responses to sudden drop-perturbations and their effect on landing impact forces (vGRF) 

and balance stability.  

 Methods. Twelve healthy older (6 men; mean age = 72.5 ± 2.32 years) and 12 

younger adults (7 men; mean age = 28.09 ± 1.03 years) stood atop a moveable platform 

and received externally triggered (EXT) drop perturbations of the support surface.  

                                                           

1
 Sanders, OP., Hsiao, H., Savin, DN., Creath, RA., Rogers, MW. “Aging changes in protective balance and 

startle responses to sudden drop-perturbations.” Journal of Neurophysiology – In Review 
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Electromyographic (EMG) activity was recorded bilaterally over the sternocleidomastoid 

(SCM), middle deltoid (DLT), biceps brachii (BIC), vastus lateralis (VL), biceps femoris 

(BF), medial gastrocnemius (MG), and tibialis anterior (TA). Whole-body kinematics 

were recorded with motion analysis. Stability in the antero-posterior direction was 

quantified using the margin of stability (MoS).  

Results. Incidence of early onset of bilateral SCM activation within 120ms after 

drop onset was present during the first trial response (FTR) for all participants. 

Cocontraction indices during FTRs between VL and BF as well as TA and MG were 

significantly greater in older adults compared to young (VL/BF by 26%, p<.05 and 

TA/MG by 37%, p<.05). Reduced shoulder abduction between FTR and last trial 

responses (LTR) were present across both groups and indicative of habituation. 

Significant age-related differences in landing strategy were present between groups as 

older adults had greater trunk flexion (p<0.05) and less knee flexion (p<0.05) which 

resulted in greater peak vGRFs and decreased MoS compared to young adults.  

Conclusions. Rapid and exaggerated FTRs, and subsequent attenuated responses 

resembling startle-like reactions to externally imposed postural perturbations, were 

observed in both older adults and younger adults. However, age-associated abnormalities 

of delayed, exaggerated, and poorly habituated startle/postural FTRs linked with less 

effective postural movements and balance stabilization through excessive muscle 

responses and joint stiffening with increased fall impact forces were present among older 

adults. Given the generally rapid onset latencies and increased FTR magnitudes in neck 

and upper limb muscles, and habituation behavior during the drop perturbations, it is 

likely that the age-related differences in reactive responses were influenced by startle. 



 

28 

 

B. Introduction 

 

 The inherently unstable nature of human equilibrium while standing represents a 

major challenge to older adults with impaired balance function due to deficits in 

neuromuscular, sensorimotor, and musculoskeletal mechanisms (Rubenstein et al. 1988; 

Sattin 1992; Lord and Dayhew 2001). These inherent instability and age-related deficits 

increase the risk of falls, which are a leading cause of injury and death among older 

people (Stevens et al. 2006). Age-related limitations in postural movements and balance 

stabilizing responses to external postural perturbations are contributing factors to loss of 

balance and falls. For example, abnormally slower or premature postural response onset 

timing, reduced response magnitudes, longer response durations, increased muscle 

coactivation with joint stiffening, multiple corrective actions, and reduced response 

adaptation for stance and gait perturbations have been reported for older compared to 

younger adults (Woollacott 2007; Tresch, Perreault, and Honeycutt 2014b; Allum et al. 

2002; Nagai et al. 2011).  

 A number of cortical and subcortical brain regions and neural networks have been 

linked with the control of posture and balance and their changes with aging (Seidler et al. 

2010; Salat et al. 2004; Papegaaij et al. 2014; Boisgontier et al. 2017). However, results 

from structural brain imaging of multiple areas, together with measures of postural 

performance in younger and older adults, have indicated that reduced brainstem volume 

with aging best accounted for poorer postural control and loss of balance than other 

regions of interest (Boisgontier et al., 2017). These findings are consistent with 

physiological studies indicating a major contribution of the brainstem structures to 

posture and movement, affecting both proactive and reactive balance control (Tresch, 
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Perreault, and Honeycutt 2014a; Nonnekes, Scotti, et al. 2013). In particular, the 

pontomedullary reticular formation of the brainstem is fundamentally involved in the 

control of posture through reticulospinal pathways (Yeomans et al. 2002; Drew, Prentice, 

and Schepens 2004; Davidson, Schieber, and Buford 2007; Schepens, Stapley, and Drew 

2008). Although imaging studies have identified age-related structural alterations in the 

brainstem (Sabel and Stein 1981; Lambert et al. 2013), neurophysiological investigations 

of brainstem processes for posture, balance, and movement control are limited due to 

methodological considerations. 

In addition to postural reactions, sudden external disturbances to balance may 

evoke brainstem mediated startle responses representing reflexive reactions to generally 

intense tactile, vestibular, or acoustic stimuli that protect the body against injury by 

drawing in the limbs and stiffening the body (Allum et al. 2011; Yeomans et al. 2002). 

Normally, excessive postural movements on the first balance perturbation trial that 

habituate rapidly with repetition, suggest that a startle is incorporated into the balance 

stabilizing first-trial response (FTR) (Oude Nijhuis et al. 2010; Allum et al. 2011). 

Improved postural stability with habituation during subsequent trials is likely due to 

attenuated muscle activity, decreased kinematic excursions, and reduced joint stiffening 

that lead to improved postural control (Siegmund, Blouin, and Inglis 2008). A number of 

studies have shown evidence of FTRs while isolating the vertical component of falls 

using free-fall paradigms via sudden release from an above ground suspension in order to 

investigate the neuromuscular responses triggered by a fall (Greenwood and Hopkins 

1976; Jones and Watt 1971). Free-fall paradigms simulate the vertical component of falls 

by having the participant experience a sudden downward motion of the body due solely 
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to the effects of gravity. On the initial exposure, the unexpected nature of these events, as 

well as the downward motion of the body, triggers rapid and exaggerated whole body 

postural responses similar to the previously described FTRs. A connection between 

altered startle and postural reactions with older age has been posited for recumbent 

freefall perturbations of the head-torso, showing muscle onset timing delays that 

resembled a similar slowing found for auditory startle responses along with an increase in 

response frequency and amplitude (Bisdorff et al. 1995). Other reports identified reduced 

acoustic startle magnitude and delayed habituation and other changes with older age 

(Kofler et al. 2001; Ludewig et al. 2003). However, while both posture and startle 

responses show abnormalities with aging, their interactive effects on standing balance 

recovery are virtually unknown (Granacher et al. 2011; Tresch, Perreault, and Honeycutt 

2014a). Furthermore, determining how age-related changes in FTRs and response 

habituation impact postural control could elucidate whether these phenomena serve as 

protective or disruptive mechanisms in stabilizing balance. For example, concomitant 

postural muscle activity and startle-evoked responses could provide a protective function 

by rapidly positioning the body in a defensive posture (Nonnekes, Van Geel, et al. 2013; 

Brown, Rothwell, et al. 1991). In contrast, excessive neuromuscular activity or co-

activation of multiple muscles could alter joint stiffness leading to less compliant or more 

restrictive balance recovery actions and an increased risk of injuries (Hortobágyi and 

DeVita 2000, 1999; Larsen et al. 2008; Macaluso et al. 2002).   

Accordingly, the aims of this study were to: 1) identify aging changes in 

neuromotor mechanisms of postural/startle FTRs and their habituation to externally 

triggered drop perturbations of the standing support surface, and 2) determine the age-
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related effects of perturbation induced pre-landing patterns of postural/startle responses 

on the ground impact recovery force/time profile and balance stability after landing. We 

hypothesized that older adults would show delayed FTR onset timing and greater 

response magnitudes, and that habituation would be less and take longer with older age. 

We also expected that, compared with younger adults, older adults would demonstrate 

greater destabilizing ground impact recovery force/time profiles and less stable balance 

recovery associated with differences in pre-landing startle responses. 

C. Methods  

 

 Twelve healthy, community dwelling older (6 men; mean age = 72.5 ± 2.32 years, 

range = 65–85 years) and 12 younger adults (7 men; mean age = 28.09 ± 1.03 years, 

range = 21-35 years) volunteered to participate in the study. Younger adults were in good 

health with no self-reported neurological, musculoskeletal, or other medical conditions 

that limited their physical function. Older adult participants were screened over the 

telephone by the recruitment staff. Those who passed the phone screening were then 

evaluated by a physician geriatrician to assess their appropriateness for study 

participation. Exclusion criteria consisted of the following: 1) cognitive impairment 

(Folstein Mini Mental State Examination (MMSE) Score Exam < 22); 2) sedative use; 3) 

non-ambulatory; 4) presence of clinically significant osteoporosis; 5) history of prior 

vertebral, pelvic, or lower extremity fracture; 6) any other clinically significant functional 

impairment related to musculoskeletal, neurological, cardiopulmonary, or metabolic 

systems, or other general medical problems; 7) self-reported pregnancy or possibility of 

pregnancy; 8) self-reported involvement in moderate to vigorous physical activity, and 9) 

Centers for Epidemiological Studies Depression Survey score greater than 16. Younger 
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adults were recruited from the local community and were excluded from the study if they 

met any of the following criteria: 1) any clinically significant functional impairment 

related to musculoskeletal, neurological, cardiopulmonary, or metabolic systems, or other 

general medical problems or 2) self-reported pregnancy or possibility of pregnancy.  

All participants were naive of the experimental protocol prior to testing. Participants 

provided written informed consent that was approved by the research ethics committee 

from the Institutional Review Board of University of Maryland, Baltimore and the 

Baltimore Veteran's Administration Research and Development Service before 

participation.  

1. Experimental setup 

 

The experiment consisted of twelve consecutive trials of externally triggered (EXT) drop 

perturbations of the standing support surface, which were completed in a single session. 

Participants stood atop a level, moveable support surface platform (45.6cm wide, 50.5cm 

long) secured to a fixed rigid frame using two sets of five electromagnets (12V DC, 

Magnetech Corp) located on each side of the platform (Figure 4). The set-up enabled a 

20cm drop of the support surface. The duration of the fall was approximately 300ms. For 

safety, all participants wore a harness that allowed unrestricted movement in response to 

the drop perturbation but would otherwise prevent a participant from falling. To reduce 

ground impact forces and the resultant risk for injury with repeated perturbations, a 

counterbalancing mass system (Figure 1) was used (Greenwood and Hopkins 1976). The 

counterbalancing mass was attached to the support surface platform via a pulley-cable 

arrangement. Drop platform acceleration was standardized by changing the weight of the 
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counter mass (M) such that: acceleration = (Mp-M) ·g0 ÷ Mp + M, where Mp is the 

participant’s mass (kg) and g0 is the acceleration due to gravity. Through further 

computations, a standardized acceleration of 4.91 m/s2 was chosen for each participant in 

order to reduce the peak impact force to a comfortable level of 1.5 x Mp while retaining 

the initial startle reaction and equaling the impact force for stair descent (Stacoff et al. 

2005).  

 

Figure 4 Representative experimental set-up of drop perturbation. 
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2. Electromyography recording  

 

Electromyographic (EMG) activity was recorded bilaterally from the 

sternocleidomastoid (SCM), middle deltoid (DLT), biceps brachii (BIC), vastus lateralis 

(VL), biceps femoris (BF), medial gastrocnemius (MG), and tibialis anterior (TA) using a 

Noraxon TeleMyo wireless EMG system (Noraxon, Inc., Scottsdale, AZ) with a sampling 

frequency of 1500 Hz. Signals were band-pass filtered (16–500 Hz), full-wave rectified, 

and low pass filtered at 50 Hz using a digital 4th order Butterworth filter. EMG data were 

analyzed with custom written Matlab interactive graphical programs (The MathWorks, 

Inc. Natick, MA). EMG onset latency and first burst amplitudes for each muscle were 

found by calculating the mean baseline signals over a 100ms interval prior to the platform 

drop. EMG onset latency was defined as the time when the rectified EMG value 

exceeded 3 standard deviations from the mean baseline level for 30ms and was expressed 

as the elapsed time from the onset of the drop. Peak EMG amplitude was calculated as 

the first maximum EMG value recorded from EMG onset occurring within 120ms of 

drop perturbation onset to identify potential startle response contributions to the postural 

responses (Carlsen et al. 2007). To determine the effects of lower extremity muscle pre-

landing activity on vertical ground reaction forces (vGRF) during FTRs, knee and ankle 

co-contraction indices (CoI) were calculated over a period of 100ms preceding ground 

contact. Muscle CoI was defined as the ratio of twice the integrated EMG activity of the 

less active muscle, divided by the sum of the integrated EMG activity of the two 

contracting muscles (Falconer 1985).  

2. Kinematic recording  
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Kinematic data were recorded using a 10 camera Vicon system (Vicon-USA, 

Denver, CO). Reflective markers were placed on the head and bilaterally on the acromion 

process (shoulder), lateral epicondyle of the humerus (elbow), distal end of the radius 

(wrist), anterior superior iliac spine (ASIS), posterior superior iliac spine (PSIS), greater 

trochanter (hip), lateral epicondyle of the femur (knee), lateral malleolus (ankle), the head 

of the first metatarsal (toe), and heel. An additional marker was placed on the drop 

platform to record the onset of platform movement. The onset of the platform’s 

movement was defined as the point in time when the vertical component of the marker 

trajectory reached -2SD of the baseline reading. Marker coordinates were sampled at 120 

Hz, then low-pass filtered offline at 5 Hz with a 4th order Butterworth filter. From these 

data, a five-segment two-dimensional kinematic model was developed to calculate body 

movements induced by the drop perturbation. The trunk segment was defined between 

the greater trochanter and acromion markers, the thigh was defined between the lateral 

femoral epicondyle and greater trochanter markers, the shank segment was defined 

between the lateral malleolus and lateral femoral epicondyle markers, the foot segment 

was defined between first metatarsal and lateral malleolus markers, and the upper arm 

segment was defined between the lateral humeral epicondyle and the acromion markers. 

Absolute two-dimensional angular displacements of the trunk, hip, knee, ankle and 

upper-arm were subsequently calculated offline using custom written Matlab programs in 

the sagittal (trunk, hip, knee, and ankle) and frontal (upper-arm) planes.  

3. Kinetic recording 

 

Ground reaction forces (GRFs) were collected at 600 Hz by two force platforms 

located underneath the drop platform (Advanced Mechanical Technology Inc., 
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Watertown, MA). To account for the weight of the drop platform, forces on the plates 

were zeroed after the platform was placed on them. The force data were time-

synchronized to the kinematic data and were low-pass filtered at 10 Hz with a 4th order 

Butterworth filter and used to determine the instant of drop landing and peak impact 

force. 

4. Behavioral Measures of Anxiety   

 

A concomitant psychological factor associated with falls is the fear of falling, 

which is common among older adults (Chandler et al. 1996; Tinetti, Speechley, and 

Ginter 1988). Because anxiety about falling may influence startle characteristics (Painter 

et al. 2012; Carpenter et al. 2004), we assessed each participant’s anxiety using the self-

assessment manikin (SAM) which is a non-verbal pictorial assessment that directly 

measures the pleasure, arousal, and dominance associated with the participant’s affective 

reaction to the drop perturbations (Bradley and Lang 1994). The SAM was administered 

at three time instants: first, immediately after providing informed consent and being 

given knowledge of the experiment before standing on the perturbation device (Base), 

second, while on top of the platform prior to perturbation initiation (Pre), and third, 

immediately after the last trial (Post).  

5. Measurement of balance stability 

 

 Stability in the antero-posterior direction was quantified using the margin of 

stability (MoS) (Hof, Gazendam, and Sinke 2005). MoS and parameters used to compute 

MoS were assessed at two events defined as follows: 1) Ground Contact (GC): when the 

GRFs exceeded 5N after platform release and 2), at the maximal downward displacement 
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of the center of mass during GC (COMlow). COMlow was chosen as a surrogate marker 

for the completion of the landing movement strategy (Bates et al. 2013). MoS was 

calculated as follows: MoS=BoS-X_CM where the boundaries of the BoS were defined 

by foot length. The heel marker position was the demarcation for the posterior boundary 

while the anterior boundary was defined as the marker position at the distal end of the 

second metatarsal. The extrapolated center of mass (X_CM) was obtained using the 

following equation: X_CM= P_CM + V_CMx⁄√(g/l) where P_CM is the anterior-

posterior distance between the initial position of the second metatarsal marker and the 

vertical projection of the center of mass, V_CMx is the anterior-posterior velocity of the 

center of mass, g is the acceleration of gravity, and l is the distance between the center of 

mass and the ankle joint center in the sagittal plane. Postural stability is maintained in 

circumstances where the position of the extrapolated center of mass is within the base of 

support (positive values of margin of stability) while stability decreases as the margin of 

stability decreases or becomes negative.   

6. Statistical analyses  

 

All descriptive statistics are reported as mean ± standard error (SE). Results were 

analyzed using SPSS 22.0 software. The effects of repeated drop perturbations on 

response parameters (EMG onsets and peak amplitude, joint kinematics, and impact 

force) were compared between the 1st trial and the average of the last two trial responses 

(LTR) using a two-way ANOVA [Age (Young vs. Old) x Trial (FTR and LTR)]. To 

examine habituation to repeated perturbations, preplanned t-tests (Trial 1 vs. Trials 2-11) 

were conducted to compare EMG, kinematic, and kinetic responses observed between 

FTR and LTRs with p-values corrected for multiple comparisons by the false discovery 
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rate (FDR) correction (Benjamini and Hochberg 1995). Stepwise multiple linear 

regressions were used to determine predictors of MoS at the lowest vertical projection of 

the center of mass. Pearson product moment correlation coefficients were reported for 

each dependent measure included in the regression model. The nonparametric Kruskal-

Wallis H test was used to assess any differences between the participants' SAM scores.  

D. Results 

 

Representative muscle activation patterns during FTR for a young and older adult 

are shown in Figure 5. 

 

Figure 5 Representative muscle activation patterns between younger and older adult for 
sternocleidomastoid (SCM), mid deltoids (DLT), biceps brachii (BIC), vastus lateralis 
(VL), biceps femoris (BF), medial gastrocnemius(MG), and tibalis anterior (TA) muscles. 
Vertical lines indicate the onset of platform release.    
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 Rapid, phasic, bilateral and synchronous SCM activity within 120ms after 

stimulus onset is a hallmark of a startle response (Carlsen et al. 2007). Incidence of early 

onset of bilateral SCM activation within 120ms after drop onset was present during all 

FTRs for both groups. Muscle onset latencies were significantly influenced by age [F(1, 22) 

 = 9.76, p < 0.001]] during FTRs. Post-hoc analysis confirmed that older adults had 

significantly longer EMG onset latencies across all muscle groups (Figure 6) compared to 

the young. Within subject comparisons or interaction effects were not significantly 

different between FTR and LTRs (p > 0.05).  

 

Figure 6 Mean ± 1 standard error (SE) onset latencies for SCM, DLT, BIC, VL, BF, MG, 
and TA for younger and older adults. 
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To determine whether there was a sequential effect of trials on the amplitude of 

EMG responses due to habituation, the FTR for each muscle was compared to each 

subsequent trial using paired t-tests (Figure 7) with an adjusted significance level set at p 

< 0.004. In younger adults, SCM, DLT, and BIC EMG amplitudes were significantly 

reduced by trials 2, 4, and 5 respectively, whereas older adults only showed a significant 

reduction in SCM and DLT amplitudes after trials 11 (SCM) and 4 (DLT) respectively. 

EMG amplitudes for lower extremity (LE) muscles did not significantly decrease from 

trial 1 for either group (p > 0.004). 

 

Figure 7 Plots depicting mean ± 1 SE amplitude ratios relative to first trial response 
(FTR) for SCM, DLT, BIC, VL, BF, MG, and TA for younger and older adults. 

Representative trials showing pre-landing muscle co-contraction patterns and 

accompanying vGRFs for younger and older adults are presented in Figure 8a, with group 
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means and SE for Knee and Ankle CoIs indicated in Figure 8b. 

 

Figure 8. Representative time-histories of vertical ground reaction force (vGRF) (top 
graph), electromyographic (EMG) recordings of (VL) and (BF) (middle graph), rectified 
linear envelope of the EMG of (TA) and (MG) (bottom records) from a younger (left) 
and older (right) adult, during drop perturbations, with the vertical lines indicating drop 
onset and ground contact respectively, and the gray shaded regions indicating the period 
of 100ms preceding ground contact. B.) Mean ± 1 SD co-contraction indices (CoI) for 
VL/BF and TA/MG ratios for first trial (FTR) and last trial response (LTR). 

  

There was a significant age-effect for both VL/BF CoI [F(1, 44)  = 28.78, P < 0.001] 

and TA/MG CoI [F(1, 44)  = 59.68, P < 0.001]. Post-hoc analysis showed older adults 

landed with greater VL/BF CoI during FTR (0.66 ± 0.02 vs. 0.49 ± 0.02, p<0.05) and 

LTR (0.64 ± 0.03 vs. 0.45 ± 0.04, p<0.05). Similarly, older adults landed with greater 

TA/MG CoI during FTR (0.56 ± 0.02 vs. 0.36 ± 0.01, p<0.05) and LTR (0.58 ± 0.02 vs. 
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0.33 ± 0.03, p<0.05). No significant differences were found between FTR and LTR CoIs 

(p >0.05) for both groups.             

The group data for initial peak shoulder abduction indicated that older adults had 

significantly larger peak shoulder abduction during FTRs than the young (Table 3, p < 

0.05).  

Table 3. Mean values (±1 SE) of measures of kinematic and kinetic variables during 
externally triggered first trial response (FTR) and last trial response (LTR).  

 

 Peak shoulder abduction between the FTR and LTR was reduced in both older 

(16.57± 4.62 vs 9.52 ± 2.32, p<.05) and younger (9.86 ± 3.61 vs 6.47 ± 1.57, p<.05, 

p<.05) adults. Mean trunk and lower limb joint angular position profiles during FTRs are 
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shown in Figure 9. 

 

Figure 9. Representative kinematic profiles in order from the top: trunk, knee, hip, and 
ankle joint angles for young and older adult. 

Additional differences in kinematic outcomes were present between older and 

younger adults during the landing phase of balance recovery (i.e. from ground contact to 

COMlow) [F(1, 22)  = 8.47, p < 0.001, Table 3]. A significant interaction of trial and age was 

found for trunk flexion angle [F(1, 22)  = 26.05, p < 0.001] and knee flexion angle [F(1, 22)  = 

17.25, p < 0.001] at COMlow. Post-hoc analysis confirmed that older adults had greater 

trunk flexion (p<0.05) and less knee flexion (p<0.05) during FTRs. Within subject 
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differences between FTR and LTR were present in the trunk (17.58 ± 1.42 vs 7.11 ± 1.74, 

p<.05) and knee (23.77± 3.21 vs 37.11 ± 2.96, p<.05) joint angles for older adults only.    

Results of the margin of stability data, indicated a significant interaction effect 

between trial (FTR vs. LTR) and age (Old vs. Young) on MoS at COMlow [F(1, 22)  = 8.66, 

P = 0.008] (Figure 10a). Post-hoc analysis confirmed that older adults had a smaller MoS 

at COMlow during FTR compared to LTR (p<0.05). MoS was reduced at COMlow for 

older vs. young adults (p<.05) during FTRs. No significant difference in MoS at COMlow 

during LTR between young and old adults were observed. MoS at COMlow was 

significantly associated with MoS at GC (r = 0.812, p < 0.05), trunk flexion at COMlow (r 

= -.641, p = 0.001), and knee flexion at COMlow (r = .639, p < 0.05) (Figure 10b). 

Multiple linear regression analysis indicated that MoS at GC, trunk flexion at COMlow , 

and knee flexion at COMlow collectively accounted for 76% of the variance in MoS at  

COMlow during FTRs (SEM = 0.03, F(3,20)  = 20.50, P < 0.001). 
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Figure 10. Group means ± 1 SE of margin of stability (MoS) for first trial (FTR) and last 
trial response (LTR). B.) Scatterplots showing associations between margin of stability 
(MoS) at ground contact (GC) and MoS at lowest vertical center of mass position 
(COMlow) (left), trunk flexion angle at COMlow (Middle), and knee flexion angle at 
COMlow (Right). 

 



 

46 

 

Kinetic data demonstrated a significant main effect of age on Peak vGRF [F(1, 22)  

= 20.68, p < 0.001] with post-hoc analysis confirming that older adults landed with 

greater peak vGRFs for FTRs (2.65 ± 0.13 vs. 1.98 ± 0.06, p<0.05) and LTRs (2.45 ± 

0.19 vs. 1.81 ± 0.07, p<0.05) (Table 3). No within-subject differences were found in both 

groups between FTRs and LTRs for kinetic data (p>0.05). A significant positive 

correlation was present between muscle co-activation indices for VL/BF CoI and peak 

impact force (r = 0.29, p < 0.05) and TA/MG CoI and peak impact force (r = 0.47, p<.05) 

during FTRs (Figure 11).  

 

Figure 11. Scatterplots of associations between normalized vertical ground reaction 
forces and VL/BF co-contraction index (CoI) (left), and TA/MG co-contraction index 
(Right). 

To determine the extent to which a participant’s emotional response was 

associated with postural/startle events, the self-assessment manikin (SAM) method, 
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which measured affective reactions to the drop perturbation at various time points was 

performed. A Kruskal-Wallis test showed that there was a difference in Base-SAM fear 

score (χ2(1) = 3.89, p <.05) and Pre-SAM valence and fear scores between older and 

younger adults (χ2(1) = 7.741, p = 0.005 and χ2(2) = 3.926, p = 0.048 respectively). 

Mann-Whitney U tests revealed an age-related increase of fear during Base [U = 

14.0, p <0.05] and Pre [U = 14.0, p = 0.48] SAM assessment, with similar trends for 

anxiety, and a decreased valence [U = 6.50, p <0.01] during Pre-SAM assessment (Figure 

12).  

 

Figure 12. Mean ± 1 SE self-assessment manikin (SAM) scores for valence (Top), fear 
(middle), and arousal (bottom). 

E. Discussion 
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The main finding of this study was that rapid and exaggerated FTRs, and 

subsequent attenuated responses resembling startle-like reactions to externally imposed 

postural perturbations, were observed in older adults and confirmed in younger adults as 

previously reported (Sanders et al. 2015). These findings are consistent with  other 

studies of postural perturbations during standing (Oude Nijhuis, Allum, Valls-Solé, et al. 

2010; Allum, Tang, et al. 2011b), walking (McIlroy and Maki 1995b; Oude Nijhuis et al. 

2009b), and sitting (Blouin, Inglis, and Siegmund 2006b; Brown, Day, et al. 1991a). To 

our knowledge, the findings are the first to identify age-associated abnormalities of 

delayed, exaggerated, and poorly habituated startle/postural FTRs linked with less 

effective postural movements and balance stabilization through excessive muscle 

responses and joint stiffening with increased fall impact forces. Given the generally rapid 

onset latencies and increased FTR magnitudes in neck and upper limb muscles, and 

habituation behavior during the drop perturbations, it is likely that the age-related 

differences in reactive responses were influenced by startle.  

There was a high incidence of rapid (<120ms), bilateral and synchronous SCM 

neck muscle activation, which is considered a hallmark motor characteristic for 

identifying the presence of a startle response (Brown, Day, et al. 1991a). This response 

was present in all participants and supports the probability that the observed reactive 

responses, at least in part, included a startle component. Alternatively, it is possible that 

the SCM activation represented a postural response to stabilize the head/neck in 

preparation for ground impact. However, a prior study of younger adults using freefall 

postural perturbations, found consistent neck responses in all subjects and trials during 

externally-triggered perturbations, and a marked absence of such reactions when identical 
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perturbations were self-triggered and where startle would be less likely to occur (Sanders 

et al. 2015). 

 Another distinguishing feature of the classical startle response is its tendency to 

habituate with repeated stimulus exposure as indicated by a reduced incidence and/or 

magnitude of response (Allum, Tang, et al. 2011b; Oude Nijhuis, Allum, Valls-Solé, et 

al. 2010; Sanders et al. 2015; Siegmund et al. 2003). This was supported by our findings 

of reduced EMG response amplitudes between FTR and LTR for SCM, DLT, and BIC in 

younger and older adults. However, older adults demonstrated a slower rate of 

habituation as indicated by the greater number of trials needed to show a significant 

decrease from FTRs.  

Previous studies utilizing drop perturbations have suggested that the co-

contraction of agonist and antagonist leg muscles prior to ground contact is likely to 

modulate the time course of joint stiffness and influence the magnitude of vGRFs, and 

can be altered through motor prediction (Fu and Hui-Chan 2002). During an unexpected 

above-ground drop perturbation, younger adults have shown increased TA/MG co-

contraction but decreased co-contraction during self-initiated drop perturbations, which 

was associated with a reduction in peak amplitude and rate of vGRFs (Fu and Hui-Chan 

2002). In the present study, older adults had increased knee and ankle co-contraction at 

the time of landing compared to younger adults suggesting increased joint stiffness in the 

lower extremities with greater limb rigidity. Given the large external loads applied to the 

lower limbs at landing over a short period, older adults may not have been able to 

reactively respond quickly to counter these potentially damaging forces. Thus, older 

adults may use muscle co-contraction to increase their lower limb stiffness before landing 
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as a way to increase dynamic stability of the lower extremities while minimizing sagittal 

and downward body motion to guard against collapse. However, in doing so, older adults 

are likely increasing the risk of injury during landing as suggested by our findings of 

increased vGRF compared to younger adults who are less stiff upon landing. Previous 

studies have shown modulation of lower extremity stiffness during landing can affect the 

magnitude of peak vGRF experienced during landing (Devita and Skelly 1992; Zhang, 

Bates, and Dufek 2000; Butler, Crowell, and Davis 2003). Although stiffness was not 

directly measured in the present study, similar conditions appear to apply between this 

and previous investigations. Specifically, smaller knee flexion angles and increased 

vGRFs that accompany ‘hard landings’ compared to larger knee flexion angles and 

decreased vGRFs for ‘soft landings’ were found in common. Therefore, interventions 

aimed at modulating the landing mechanics of older adults to approach the strategy used 

by younger adults should be examined further as a potential means of decreasing risk of 

injury.  

Alternatively, rather than strategic, the increased CoI and subsequent stiffness 

found among older adults may be startle-induced. FTRs are characterized by exaggerated 

postural reactions including co-contracting muscles in multiple body segments that are 

thought to reflect startle-like behavior. In this regard, a previous report involving 

whiplash perturbations indicated that the initial co-activation of the SCM and paraspinal 

muscles appeared to be a protective attempt to stiffen the head-torso but represented a 

mechanism of injury due to the nature of the contractile forces acting on the spine  

(Siegmund et al. 2003). In that case, the co-contraction diminished and neck stiffness was 

reduced with repeated exposure to the whiplash perturbation which also lessened the 
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potential for injury (Siegmund et al. 2003) . However, in our study older adults did not 

show a reduction in lower extremity CoI from FTR to LTR, which suggested that the 

effects of startle are prolonged in older adults. This is further supported by the delayed 

habituation of SCM peak amplitude response, which is a surrogate marker for startle. 

This finding may serve as an important target for fall prevention and injury reduction 

interventions aimed at mitigating the influence of abnormal startle responses on 

protective balance recovery mechanisms.    

 In both groups, there were robust shoulder abduction FTRs as observed 

previously in younger adults during freefall perturbations, and that habituated with 

repeated exposures (Sanders et al. 2015). However, shoulder abduction was greater in 

magnitude in older adults for both FTRs and LTRs, indicating that they were more 

susceptible to exaggerated upper-limb FTRs compared to young adults, and that the FTRs 

took longer to habituate. These results were further corroborated by the arm muscle 

activation patterns. The observed arm responses broadly resembled the parachute reaction 

seen mainly in developing infants. This is thought to represent a normal protective reflex 

that is elicited when an infant is held in ventral suspension and tilted abruptly forward 

toward the floor (Zafeiriou 2004b).  

The increased trunk flexion during FTRs was associated with greater instability of 

balance among the older adults, and is consistent with other studies (Oude Nijhuis et al. 

2009b; Oude Nijhuis, Allum, Valls-Solé, et al. 2010). Greater trunk flexion at ground 

contact moves the COM anteriorly relative to the BOS causing a decreased MoS. The 

age-related increase in trunk flexion may reflect decreased control of the trunk 

musculature (Hwang et al. 2008), decreased muscle strength, or could indicate an attempt 
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to reduce the internal knee extensor moment during landing (Patel et al. 1997). Similarly, 

reduced knee flexion at landing could reflect an age-related reduction in knee extensor 

control or eccentric contractile strength. Our findings indicated that trunk flexion angle, 

knee flexion posture, and MoS at GC are significant predictors of the MoS at COMlow. 

Although not statistically significant, the trend for older adults to increase their knee 

flexion while reducing trunk flexion during the EXT LTR was associated with an 

increased MoS that was not significantly different from that of younger participants at 

LTR.  

As startle reactions are known to be influenced by one’s emotional state of 

anxiety, arousal, or fear (Bradley, Lang, and Cuthbert 1993; Carpenter et al. 2004; Lang 

et al. 2017), we recorded self-reported measures of emotion at different time-points prior 

to and during testing. The results showed that older adults reported higher levels of 

valence and fear prior to the drop onset. The elevation in emotional state may have 

contributed to intensifying the level of fear-potentiated startle in anticipation of the actual 

drop perturbation. Moreover, the behavioral markers improved with repeated exposure to 

the balance perturbation in conjunction with reductions in physiological indices of startle. 

These findings have implications for the potential mediating role of fear of falling in 

contributing to aging changes in startle reactions accompanying perturbations of balance 

that may contribute to falls and injuries due to falls.  

Among the limitations of the study, SCM activity was assumed to be a surrogate 

marker for startle but the observed postural responses evoked by the drop perturbation 

could reflect a postural response as well. However, there is considerable support to 

suggest the startle-reflex was incorporated into the responses seen. The onset latency of 
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the SCM response was under 120ms for both young and older adults and was unchanged 

and consistently activated over repeated trials for each condition along with reduced 

response magnitude over repeated trials, a characteristic of behavioral habituation, which 

is consistent with other past studies of postural and startle reactions (Allum, Tang, et al. 

2011b; Sanders et al. 2015). Secondly, the participants in this study were healthy and 

moderately active older adults. Therefore, the results may not generalize to other older 

adult clinical populations such as individuals with mobility or balance limitations.  

F. Conclusion 

 

The present findings may have clinical implications for determining underlying 

mechanisms contributing to falls and increased risk of injuries due to falls among older 

adults by identifying the presence of startle-like responses contributing to instability and 

increased fall impact force. Ongoing studies are examining the utility of drop-

perturbations as a diagnostic tool to assess those individuals who are more susceptible to 

startle-like contributions to FTRs and falls. Further work should also be directed at 

methods for reducing abnormal startle by exploiting the plasticity of startle reactivity 

through methods such as habituation training, use of motor prediction, and the influence 

of pre-stimulus modulation (Greenwood and Hopkins 1976c; Kanekar and Aruin 2014; 

Mang et al. 2012b). These findings may also help to inform about other clinical 

populations at risk for abnormal responses to startle and balance instability such as 

individuals with Parkinson’s disease, stroke, and hyperekplexia.  
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CHAPTER IV. AGING EFFECTS OF MOTOR PREDICTION ON PREDICTIVE 

BALANCE AND STARTLE RESPONSES TO SUDDEN DROP 

PERTURBATIONS1 

 A. Abstract 

 

 Background.  Sudden loss of ground support evokes rapid exaggerated 

neuromuscular reactions resembling startle-like reactions during FTRs that habituate with 

repeated exposure. FTRs induce large electromyographic (EMG) responses with 

increased muscle co-activation and lower extremity (LE) joint stiffness that affect fall 

landing. Excessive and less adaptable startle responses in aging can further disrupt 

protective balance responses to external perturbations. While startle-like effects in 

younger adults are modifiable during self-activated (SLF) drop perturbations due to 

motor prediction, the extent to which this capacity is retained with aging is unknown. 

 Aim. Determine the modulatory effects of motor prediction via SLF drop 

perturbations on energy dissipation, ground impact recovery, and balance stability after 

landing from externally triggered (EXT) drop perturbations. 

 Methods. Ten healthy, community dwelling older (5 men; mean age = 71.4 ± 

1.44 years, range = 65–85 years) and 10 younger adults (6 men; mean age = 26.2 ± 1.63 

years, range = 21-35 years) stood atop a moveable platform and received blocks of 

twelve consecutive trials of externally triggered (EXT) and self-triggered (SLF) drop 

perturbations. Following the last SLF trial, participants received an additional EXT trial 

spaced 20 minutes apart to assess retention (EXT RTN) of any modulation effects.   

                                                           

1
 Sanders, OP., Hsiao, H., Savin, DN., Creath, RA., Rogers, MW. “Aging effects of motor prediction on 

protective balance and startle responses to sudden drop perturbations.” Journal of Biomechanics – In 
Submission 
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Electromyographic (EMG) activity was recorded bilaterally over the sternocleidomastoid 

(SCM), middle deltoid (DLT), biceps brachii (BIC), vastus lateralis (VL), biceps femoris 

(BF), medial gastrocnemius (MG), and tibialis anterior (TA). Whole-body kinematics 

were recorded with motion analysis. Stability in the antero-posterior direction was 

quantified using the margin of stability (MoS). To quantify landing strategies, the 

mechanical work performed during drop landings was measured.   

Results. Both young and older adults show reduced SCM responses during SLF 

and EXT RTN trials. EMG peak amplitudes for lower extremity (LE) muscles did not 

significantly change from EXT FTR for either group (p > 0.012). VL/BF and TA/MG 

CoI were significantly reduced when comparing EXT vs. SLF (p <.05) across both 

groups. Older adults significantly reduced peak vGRFs during SLF FTR compared to 

EXT FTR (2.40 ± 0.07 vs. 2.74 ± 0.07, p<0.05). Similarly, young adults significantly 

reduced peak vGRF during SLF FTR compared to EXT FTR (1.43 ± 0.08 vs. 1.83 ± 0.07, 

p<0.001). Lastly, in both groups, more eccentric work was performed during SLF trials 

compared to EXT (p <.05). 

Conclusions. Landing responses were modulated in both young and old adults 

during self-initiated drop perturbations. Older adults, with motor prediction, delayed TA 

muscle onset latencies and reduced knee and ankle co-contraction during SLF drops 

which allowed for increased energy dissipation via eccentric work and decreased peak 

vGRFs. Rapid (<120ms), bilateral and synchronous SCM neck muscle activation along 

with reduced response amplitude was present during SLF FTRs and supports the 

probability that the differences observed between conditions (EXT vs. SLF) were, at least 
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in part, attributable to a startle component. These findings are among the first to show 

that older adults can acutely modulate their landing response through motor prediction.   

B. Introduction  

 

 Every year approximately 30-40% of adults over the age of 65 fall at least once 

with 10-20% of these falls resulting in injury, hospitalization, and death (Rubenstein 

2006). Consequences of falls include increased fear of falling, loss of independence, 

decline in health status and decreased quality of life (Roe et al. 2009; Murphy 2000). 

Furthermore, fall-related injuries and hospitalizations are responsible for a large part of 

preventable health care costs with expenditures expected to approach $55 billion by 2020 

(Stevens et al. 2006). A number of neuromuscular age-related deficits have been 

identified as potential risk factors increasing the likelihood of falls such as abnormal 

increases in postural movement duration, latency of response, muscle co-activity with 

joint stiffening, as well as difficulty coordinating multi-joint movements compared to 

younger adults (Lord et al. 2007; Nagai et al. 2011). Therefore, effective assessments and 

interventions are needed to help individuals whose neuromuscular deficits increase risk 

and severity of falls.    

 Previous studies have isolated the vertical component of falls using free-fall 

paradigms via sudden release from an aboveground suspension in order to investigate the 

neuromuscular responses triggered by a fall (Greenwood and Hopkins 1976c; Fu and 

Hui-Chan 2007a; Jones and Watt 1971). Free-fall paradigms simulate the vertical 

component of falls by having the participant experience a sudden downward motion of 

the body due solely to the effects of gravity. On the initial exposure, the unexpected 
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nature of these events, as well as the downward motion of the body, trigger rapid and 

exaggerated whole-body postural responses which have been termed first trial responses 

(FTRs). A number of studies have examined muscle activity and joint kinematics during 

freefall and observed rapid responses in neck, arm, and leg muscles that were reduced by 

habituation with repeated trials (Jones and Watt 1971; Greenwood and Hopkins 1976c; 

Fu and Hui-Chan 2002; Sanders et al. 2015). Furthermore, landing responses have been 

shown to modulate using motor prediction via self-initiated perturbations (Fu and Hui-

Chan 2007a; Greenwood and Hopkins 1976c; Sanders et al. 2015). Functionally, self-

activated drops (SLF) in younger adults showed reduced ankle muscle co-activation 

(stiffness) and landing impact force (Fu and Hui-Chan 2002; Fu and Hui-Chan 2007a). 

These findings suggested that the postural responses observed to attenuate ground impact 

forces and avoid injury were possibly accompanied by startle-induced responses 

throughout the body musculature, especially during externally triggered (EXT) FTRs that 

may influence active control of landing responses.  

 A biomechanical factor contributing to the landing response is the dissipation of 

kinetic energy due to active muscle control. Active kinetic energy dissipation reduces the 

effect of landing impact forces experienced by supporting tissues such as cartilage, 

ligaments, and bone, which can potentially cause injury or pain. Softer landings are 

characterized by greater knee flexion, and greater active eccentric work done by the 

lower extremity muscles (Butler, Crowell, and Davis 2003). Alternatively, stiff landings 

are characterized by reduced knee and ankle joint flexion and thus less active eccentric 

work (Devita and Skelly 1992). Moreover stiff landing strategies often result in higher 

peak vertical ground reaction forces (vGRFs) (Riemann et al. 2002; Devita and Skelly 
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1992) which are attributable in part to increased muscle co-activation around the knee 

(Podraza and White 2010) and ankle (Fu and Hui-Chan 2007a).  

 In older adults limited knee flexion during landing movements may be 

attributable to increased lower extremity muscle co-activation and delayed onset timing 

of muscle contraction (Stelmach, Populin, and Müller 1990; Saywell, Taylor, and 

Boocock 2012; Hsu et al. 2007). However, studies of similar age-related impairments 

while performing landing movements are limited to studies which assessed landing 

control strategies while descending stairs. During stair descent, an analysis of mechanical 

energy transfer across lower limb segments when landing showed less energy was 

expended at the ankle and knee during eccentric activity in older adults compared to 

young (Novak et al. 2011). Another study found that older adults landed with 26.6% 

greater leg stiffness than young adults and attributed their finding to greater co-activation 

between knee extensor and flexor muscles (Hsu et al. 2007). Furthermore, older adults, 

compared to young, are at a greater risk of falls while descending stairs due in part to 

reduce dynamic stability control and reduced or altered eccentric torque generation to 

decelerate the center of mass (CoM) (Bosse et al. 2012; Buckley et al. 2013; Hsue and Su 

2014). Although these observations suggest that differences in energy dissipation 

strategies may be present between younger and older adults during planned voluntary 

actions, the role of motor prediction on improving potentially harmful strategies has not 

been established. Furthermore, modulation of landing control strategies by motor 

prediction suggests that startle-like responses affect landing control in older adults 

through increased joint stiffness and peak impact forces.  
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 Accordingly, the aim of this study was to determine the modulatory effects of 

motor prediction attributable to SLF drop perturbations on energy dissipation, ground 

impact recovery, and balance stability while landing compared with EXT drop 

perturbations. We hypothesized that older adults would demonstrate modulation of FTRs 

via motor prediction characterized by increased eccentric work, decreased landing impact 

forces and reduced balance instability which will be acutely retained in a subsequent 

EXT retention trial.  

C. Methods 

 

1. Participants  

Ten healthy, community dwelling older (5 men; mean age = 71.4 ± 1.44 years, 

range = 65–85 years) and 10 younger adults (6 men; mean age = 26.2 ± 1.63 years, range 

= 21-35 years) volunteered to participate in the study. Younger adults were in good 

health with no self-reported neurological, musculoskeletal, or other medical conditions 

that limited their physical function. Older adult participants were screened over the 

telephone. Those who passed the phone screening were then evaluated by a physician 

geriatrician to assess their appropriateness for study participation. Exclusion criteria 

consisted of the following: 1) cognitive impairment (Folstein Mini Mental State 

Examination (MMSE) Score Exam < 22); 2) sedative use; 3) non-ambulatory; 4) 

presence of clinically significant osteoporosis; 5) history of prior vertebral, pelvic, or 

lower extremity fracture; 6) any other clinically significant functional impairment related 

to musculoskeletal, neurological, cardiopulmonary, or metabolic systems, or other 

general medical problems; 7) self-reported pregnancy or possibility of pregnancy; 8) self-
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reported involvement in moderate to vigorous physical activity, and 9) Centers for 

Epidemiological Studies Depression Survey score greater than 16. Younger adults were 

recruited from the local community and were excluded from the study if they met any of 

the following criteria: 1) any clinically significant functional impairment related to 

musculoskeletal, neurological, cardiopulmonary, or metabolic systems, or other general 

medical problems or 2) self-reported pregnancy or possibility of pregnancy.  

All participants were naive to the experimental protocol prior to testing. 

Participants provided written informed consent that was approved by the research ethics 

committee from the Institutional Review Board of University of Maryland, Baltimore and 

the Baltimore Veteran's Administration Research and Development Service before 

participation.   

2. Experimental Setup. 

 

The experiment consisted of blocks of 12 consecutive trials of externally triggered 

(EXT) and self-activated (SLF drop perturbations of the standing support surface which 

were completed in a single session as previously described (Sanders et al. 2015). To 

minimize habituation effects from EXT trials on subsequent SLF trials, participants 

received no practice trials and received a twenty minute seated washout rest-period 

between the end of EXT trials and the start of SLF trials (Mang et al. 2012b). Following 

the last SLF trial, participants received an additional EXT trial spaced 20 minutes apart to 

assess retention (EXT RTN) of any modulation effects. To evaluate the effectiveness of 

the washout interval in minimizing possible order effects, a different cohort of five 

healthy, community dwelling older (2 men; mean age = 75.6 ± 1.14 years, range = 65–85 
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years) and 5 younger adults (3 men; mean age = 24.7 ± 1.23 years, range = 21-35 years) 

received sequential SLF trial blocks with a 20 minute seated rest period between the 

blocks. To reduce ground impact forces and minimize the risk of injury with repeated 

perturbations, a counterbalancing mass system was used (Greenwood and Hopkins 

1976c). The counterbalancing mass was attached to the support surface platform via a 

pulley-cable arrangement. Drop platform acceleration was standardized by changing the 

weight of the counter mass (M) such that: acceleration = (Mp-M) ·g0/(Mp + M), where Mp 

is the participant’s mass (kg) and g0 is the acceleration due to gravity. A standardized 

acceleration of 4.91 m/s2  was chosen for each participant in order to reduce the peak 

impact force to a comfortable level of 1.5 x Mp  equaling the impact force for typical stair 

descent (Stacoff et al. 2005).  

3. Data Collection  

  

 All participants in the present study used the same kinetic, kinematic and 

electromyography (EMG) data collection methods as described in detail in the previous 

study.  

 Balance stability during EXT, SLF, and EXT RTN trials was assessed in both 

older and younger adults and quantified as the MoS in the anterior-posterior direction. 

Center-of-mass (COM) work rate was computed based on the dot product of ground 

reaction force with COM velocity (Cavagna 1975; Donelan, Kram, and Kuo 2002) during 

landing. The landing phase was estimated to begin at ground Contact (GC): when the 

vGRFs exceeded 5N after platform release and end at the maximal downward 

displacement of the center of mass during GC (COMlow). COMlow was chosen as a 
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surrogate marker for the completion of the landing movement strategy (Bates et al. 2013). 

Mechanical work summary measures were integrated from the COM work rate over the 

previously defined landing phase. Negative values for work are indicative of eccentric 

work done on the COM. Work measures were normalized by participant’s mass.  

4. Statistical Analyses  

 

All descriptive statistics are reported as mean ± standard error (SE). Results were 

analyzed using SPSS 22.0 software. Preplanned t-tests were used to assess differences in 

peak EMG FTR between participants’ EXT FTR, and subsequent SLF and EXT RTN 

conditions with p-values corrected for multiple comparisons by the false discovery rate 

(FDR) correction (Benjamini and Hochberg 1995). A two-way repeated measures 

ANOVA (group: old vs. young, condition: EXT vs SLF vs RTN) was used to analyze the 

modulatory influences of motor prediction on kinematic, kinetic, and energetic data. 

Separate two-way repeated measure ANOVAs (order: EXT-SLF vs. SLF-EXT, 

condition: EXT vs. SLF) for old and young adults were conducted separately for each 

primary measure of interest to assess possible order effects. Pairwise correlation (Pearson 

product–moment correlation) was used to determine the association between mechanical 

work and peak vGRF magnitude. 
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C. Results 

 

Representative FTR bilateral SCM EMG activity during EXT and SLF conditions 

are shown in Figure 13. 

 

Figure 13. Representative example trial of electromyographic (EMG) responses from 

bilateral sternocleidomastoid neck muscles following an externally triggered first trial response 

(EXT FTR) and self-triggered first trial response (SLF FTR) to drop perturbation of the standing 

support surface in one subject. 

Rapid, phasic, bilateral and synchronous SCM activity within 120ms after 

stimulus onset is a hallmark of a startle response (Carlsen et al. 2007b). Incidence of 

early onset of bilateral SCM activation within 120ms after drop onset was present during 

all FTRs for both EXT and SLF and EXT RTN conditions across both groups. 
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Representative EMG patterns of the lower extremity muscles during EXT FTR and SLF 

FTR for a younger and older adult are shown in in Figure 14. 

 

Figure 14. Representative muscle activation patterns during EXT FTR (Black) and SLF 
FTR (Grey) conditions for older adult. Muscle activity was recorded bilaterally for vastus 
lateralis (VL), biceps femoris (BF), medial gastrocnemius (MG), and tibalis anterior (TA) 
muscle. Vertical lines indicate the onset of platform release and ground contact.    

Muscle onset latencies are presented in Table 4 with respect to the time of onset 

following platform release. Consistent with other studies, muscle onset latencies for older 
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adults were significantly delayed across all muscle groups compared to young (p <.05). A 

significant difference in TA muscles latencies between the perturbation conditions was 

present for both groups. Both older and younger adults showed longer response latencies 

when comparing EXT vs. SLF FTRs: 70.52 ± 4.81 vs. 90.53 ± 3.01 and 82.68 ± 4.94 vs. 

102.68 ± 2.86 and for young and old respectively (p<.05). No significant changes in 

response latencies were present in SCM across both groups for each condition. 

Table 4. Group mean (±1 SE) EMG onset latencies (ms) for first trial responses across 
externally triggered (EXT), self-triggered (SLF), and retention trials in healthy young and 
young adults. 

 

 

To assess the modulatory effect of motor prediction on the peak amplitudes of 

EMG responses, the EXT FTR for each muscle was compared to each subsequent FTR 

(SLF and EXT RTN) using paired t-tests with an adjusted significance level set at p < 

0.012. Both younger and older adults showed reduced SCM responses during SLF and 

* Denotes significance for corresponding measure between groups, p < 0.05 
† Denotes significance from (EXT) trials within-group, p < 0.05 
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EXT RTN trials. EMG peak amplitudes for lower extremity (LE) muscles did not 

significantly change from EXT FTR for either group (p > 0.012).  

 Group means and SE for Knee and Ankle CoIs are presented in Figure 15a and 

15b respectively. 

 

 

Figure 15.  Group mean ± 1 standard error (SE)  VL/BF co-contraction index (CoI) 
(left), and TA/MG co-contraction index (Right) during externally triggered (EXT FTR) 
and self-triggered (SLF FTR) conditions as well as the subsequent retention trial (EXT 
RTN). 

 There was a significant main effect of age for both VL/BF CoI [F (1,28)  = 22.47, P 

< 0.001] and TA/MG CoI [F(1, 28)  = 25.02, P < 0.001]. Post-hoc analyses showed that 

older adults landed with greater VL/BF CoI and TA/MG CoI across all conditions 

compared to young adults (p<0.05). A common pattern within-subjects was present 

* Denotes significance for corresponding measure between groups, p < 0.05 
† Denotes significance from (EXT) trials within-group, p < 0.05 
* Denotes significance for corresponding measure between groups, p < 0.05 
† Denotes significance from (EXT) trials within-group, p < 0.05 
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across both groups whereby the VL/BF and TA/MG CoI were significantly reduced when 

comparing EXT vs. SLF (p <0.05). No significant differences were present between EXT 

vs EXT RTN and SLF vs. EXT RTN across both groups for VL/BF and TA/MG 

(p>0.05).  

Representative profiles of hip, knee, and ankle joint angles and group data are 

shown in Figure 16a and 16b respectively. 

 

Figure 16. Representative older adult (LEFT) and group means ± 1 SE (RIGHT) 
kinematic profiles in order from the top: hip, knee, and ankle joint angles. 

 A significant interaction of trial and age was found for hip flexion angle [F(1, 28)  = 

25.23, P < 0.001] and knee flexion angle [F(1, 28)  = 27.25, P < 0.001] at COMlow. Post-hoc 

analysis confirmed that older adults had greater hip flexion (p<0.05) and decreased knee 

flexion (p<0.05) during EXT FTRs compared to the younger group. No significant 
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differences were found between old and young hip knee and ankle flexion during SLF 

trials. Within-subject changes were present only among the older adults. Hip flexion 

angle at COMlow during SLF FTR and EXT RTN was significantly less than EXT FTRs 

(p<0.05). Knee flexion at COMlow during SLF FTRs was significantly greater than EXT 

FTRs (p<0.05). No significant differences were found between SLF and EXT RTN trials 

for hip and knee flexion.   

Averages for peak vGRFs across all conditions are represented in Figure 17. 

Kinetic data demonstrated a significant main effect of trial on peak vGRF [F(2, 56)  = 

12.48, p < 0.001] with post-hoc analysis confirming that older adults significantly 

reduced peak vGRFs during SLF FTR compared to EXT FTR (2.40 ± 0.07 vs. 2.74 ± 

0.07, p<0.05). Similarly, younger adults significantly reduced their peak vGRF during 

SLF FTR compared to EXT FTR (1.43 ± 0.08 vs. 1.83 ± 0.07, p<0.001). No differences 

were present between EXT FTR vs EXT RTN trials or SLF FTR vs. EXT RTN trials 

across both groups.  
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Figure 17. Group means ± 1 SE peak vertical ground reaction forces (vGRF) normalized by body 
weight. 

Group data for MoS across all conditions are represented in Figure 18. MoS was 

smaller among older adults during EXT FTRs compared to younger adults (0.11 ± 0.01 

vs. 0.16 ± 0.01, p<0.05). No significant difference in MoS during SLF (p = 0.86) and 

EXT RTN (p = 0.28) trials were found between the groups. Within older adults, MoS 

differed significantly between conditions [F(2, 16)  = 7.57, p = 0.02]. Post-hoc analysis 

revealed that older adults increased their MoS during SLF trials (0.11 ± 0.01 vs. 0.14 ± 

0.004, p<0.05). No significant difference was found when comparing EXT FTR to EXT 

* Denotes significance for corresponding measure between groups, p < 0.05 * Denotes significance for corresponding measure between groups, p < 0.05 
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RTN trials. Younger adults showed no significant difference in MoS between conditions.

 

Figure 18. Group means ± 1 SE of margin of stability (MoS) for EXT, SLF, and RTN 
FTRs. 
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Representative COM velocity and work rate along with group means are 

presented in Figure 19a and 19b respectively.  

 

 

Figure 19. Representative time-histories of vertical ground reaction force (vGRF) (TOP), 
center of mass velocity (MIDDLE), and work rate (BOTTOM) for EXT (solid line) and 
SLF (dashed line) condition for an older adult (LEFT). Mean ± 1 SD eccentric work 
normalized by participant mass for each condition (RIGHT). 

 

 

There was a significant main effect for condition on the eccentric work done 

[F(1,28)  = 11.13, p = 0.002]. Both older and younger adults showed a decrease in eccentric 
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work in EXT FTR vs. SLF FTR trials (p <.05). However only the younger adults had a 

significant decrease in EXT FTR vs. EXT RTN trials. Both groups showed no significant 

differences between SLF FTR vs. EXT RTN trials. There was a significantly positive 

correlation between eccentric work and peak vGRF(r = 0.495, p < 0.05, Figure 20). 

 

Figure 20. Scatterplot showing association between eccentric work and peak vGRFs. 
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E. Discussion 

 

The main finding of this study was that landing responses were modulated in both 

younger and older adults during self-initiated compared with externally triggered drop 

perturbations. Both groups, using motor prediction, modulated TA muscle onset latencies 

and reduced knee and ankle co-contraction during SLF drops, which allowed for 

increased energy dissipation via eccentric work and decreased peak vGRFs. These 

findings are consistent with other studies examining the influence of motor prediction on 

landing responses (Fu and Hui-Chan 2002). Furthermore, the presence of rapid (<120ms), 

bilateral and synchronous SCM neck muscle activation, a hallmark motor characteristic 

for identifying the presence of a startle reaction, was present in all trials along with 

reduced response amplitude during SLF FTRs. This supports the probability that the 

differences observed were, at least in part, attributable to a more prominent startle 

component in the EXT FTRs as shown previously (Sanders et al. 2015). To our 

knowledge, our findings are the first to demonstrate that older adults can acutely 

modulate their landing response through motor prediction, which may serve as a basis for 

future training interventions aimed at improving landing strategies to safely attenuate the 

impact from falls and restore balance stability in older adults.   

  Previous studies utilizing drop perturbations have suggested that the co-

contraction of agonist and antagonist leg muscles prior to ground contact is likely to 

modulate the time course of joint stiffness and influence the magnitude of vGRFs, and 

can be altered through motor prediction (Fu and Hui-Chan 2002). During an unexpected 

externally triggered above-ground drop perturbation, younger adults showed TA/MG co-

contraction that decreased when the same perturbation was applied during a self-initiated  



 

74 

 

condition, and that was associated with a reduction in peak amplitude and rate of vGRFs 

(Fu and Hui-Chan 2002). In the present study, we found that during self-initiated drops 

the onset of the TA EMG response following platform release was significantly delayed 

by ~20ms (p<0.05) for both groups. Although our findings did not show a significant 

shortening of MG response latencies, both young and old adults showed decrease MG 

onset latencies during SLF FTRs compared to EXT FTRs similar to previous freefall 

studies (Fu and Hui-Chan 2002). Furthermore, the observed difference in modulation 

patterns between EXT and SLF EMG amplitudes for TA suggested that ankle muscle co-

activation may play a role in preparation for minimizing the severity of landing impact 

forces under the influence of supraspinal control, which resulted on a less stiff ankle joint 

and smaller landing impact force.  

 The use of motor prediction resulted in greater knee flexion during SLF trials 

compared to EXT trials, and was indicative of a less ‘stiff’ or softer landing response. In 

addition, modulation of the knee joint position allowed for both groups to attenuate the 

vGRF more effectively by promoting shock attenuation during ground contact which 

effectively reduced peak vGRFs compared to EXT trials (Devita and Skelly 1992; 

Hargrave et al. 2003). Conversely, in comparison with SLF trials, EXT trials had greater 

peak vGRF and less knee flexion which resembled previously described stiff landing 

strategies (Zhang, Bates, and Dufek 2000; Devita and Skelly 1992). The reduced knee 

flexion for the older adults during EXT trials, led to less shock absorption capacity 

wherein the knee will receive larger compressive impact forces which can inflict damage 

to knee ligaments and joints and place older individuals at higher risk for falls due to 

increased instability (Coventry et al. 2006; Yeow, Lee, and Goh 2011; Lephart et al. 
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2002). The increased knee flexion during the SLF condition allowed for greater eccentric 

work performed compared to EXT where less eccentric work was done. The lower 

extremity muscles generate eccentric work, which facilitates absorption of kinetic energy 

from other tissue structures, such as cartilage, ligaments and bones. This effect helps to 

decelerate the downward motion of the COM and prevent further injury (Lafortune, Lake, 

and Hennig 1996; Mizrahi and Susak 1982). Moreover, increased eccentric work 

significantly correlated with decreased peak vGRF. Conversely, less eccentric work was 

done during EXT FTRs in which higher vGRFs were present. Therefore, interventions 

aimed at increasing knee flexion through eccentric thigh extensor muscle contraction 

affecting shock absorption during ground contact should be considered as a potential 

means of decreasing risk of injury and improving balance recovery.   

Similar to other studies of balance perturbations, older adults show deficits in the 

control of dynamic stability (Karamanidis, Arampatzis, and Mademli 2008; Mille et al. 

2013; Carty, Mills, and Barrett 2011). The differences in kinematic variables identified 

between younger and older adults during EXT FTRs included increased hip flexion and 

less knee flexion during the landing phase for the older group which is consistent with 

previous research (Madigan and Lloyd 2005; Karamanidis, Arampatzis, and Mademli 

2008). The age-related increase in trunk flexion may reflect decreased control of the 

trunk musculature (Hwang et al. 2008), decreased muscle strength, or could indicate an 

attempt to reduce the internal knee extensor moment during landing (Patel et al. 1997). 

Similarly, the reduced knee flexion at landing could reflect an age-related reduction in 

knee extensor control or eccentric contractile force. However, with motor prediction the 

MoS increased and was not significantly different from that of younger adults. When 
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participants had temporal certainty about the occurrence of the drop perturbation, they 

likely suppressed startling themselves through feedforward mechanisms (Sanders et al. 

2015). Furthermore, the improvement in the MoS among older adults coincided with 

reduced peak SCM amplitude, and reduced hip flexion, classical markers of startle 

reactions (Yeomans et al. 2002b). In this regard, a previous study demonstrated that an 

unexpected and startling auditory stimulus triggers a number of neuromuscular events 

including increased flexion at the hip (Brown, Rothwell, et al. 1991). Altogether, these 

findings suggested the possibility of startle-like reactions being superimposed onto 

balance recovery responses, and that may interfere with recovering balance stability.  

In addition to the observed differences in landing responses between younger and 

older adults, neither group acutely retained the more effective strategies developed during 

SLF trials in subsequent EXT RTN trials. One potential factor that may have limited the 

retention of SLF drop landing strategies was the lack of variability. All participants 

received blocked trials of SLF triggered drops but introducing variability in the sequence 

of the drop perturbation type may have facilitated longer retention (Shumway-Cook and 

Woollacott 2001). Additionally, participants received no feedback on how their strategies 

influenced vGRFs and were told respond naturally. Individualizing the training program 

and allowing feedback may be beneficial in order to facilitate retention of landing 

strategies which better promote attenuation of large vGRFs (Mansfield et al. 2007).  

The observed differences between the EXT and SLF conditions in both older and 

younger adults are likely due to two possible explanations. Feedforward modulation of 

brainstem and spinal circuits over corticofugal and corticospinal pathways during the 

SLF condition may also have accounted for differences in responses between the 
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conditions (Fu and Hui-Chan 2002). The modulated muscle onset timing latencies and 

co-contraction indices between the EXT and SLF conditions were likely due to changes 

in predictive control. Predictive control is associated with an internal model that allows 

the central nervous system to estimate the consequences of motor commands by 

incorporating a representation of the body and external environment to determine the 

motor commands required to perform specific tasks (Miall and Wolpert 1996). In the 

present study, muscular activity was centrally modulated which may have adjusted joint 

stiffness when temporal certainty of the drop perturbation was provided. Alternatively, 

the knowledge about the forthcoming drop perturbation timing release may have altered 

the participants’ behavioral state by decreasing their level of arousal or apprehension 

prior to the impending drop. An essential component of fear of falling is the perceived 

risk of injury because of instability. Arousal levels are likely elevated for older 

individuals with apprehension about falling, especially in situations that impose a 

postural threat that are known to influence postural control strategies in response to a 

balance perturbation (Maki, Holliday, and Topper 1991). Furthermore, other studies have 

found that increasing ankle joint stiffness is an anxiety-mediated response in order to 

limit COM movement by achieving a stiffer mechanical system. Therefore, decreased 

anxiety and arousal during SLF perturbations may have also contributed to the observed 

differences (Brown, Polych, and Doan 2006; Carpenter, Frank, and Silcher 1999; 

Carpenter et al. 2001).  

Among the limitations of the study, older participants were healthy and 

moderately active older adults. Therefore, the results may not generalize to other older 

adult clinical populations such as individuals with mobility or balance limitations. We 
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also did not randomize the presentation order of the drop perturbation stimuli, and as a 

result, it is possible that habituation effects obtained during EXT trials carried over to the 

SLF condition. However, a different cohort of 5 younger and older adults received blocks 

of SLF trials followed by EXT blocked drop perturbations with a 20 min rest between 

blocks, and no interaction effect for order on primary response variables (vGRF and 

eccentric work) was found. This indicated that there were no differences in the FTR 

amplitudes attributable to the presentation order of the perturbation conditions (i.e. 

EXTfirst vs. EXTlast and SLFfirst vs. SLFlast (table 5) for both groups.  

Table 5. Measures of trial order effect 

Therefore habituation carryover effects between conditions were likely minimized with 

this rest interval (Mang et al. 2012b). Finally, while our study objective was to 

understand the influence of motor prediction on neuromuscular control of landing and 

attenuating subsequent impact forces, future studies should introduce dynamic task 

conditions such as perturbed drops while walking which may more fully characterize the 

responses observed during daily functional activities.  
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The present findings demonstrate the capacity for older adults to modulate 

startle/postural neuromuscular responses via motor prediction in order to enhance balance 

recovery and attenuate fall impact and reduce the risk of injuries. The data provided may 

help in the development of scientifically grounded therapeutic interventions aimed at 

enhancing balance recovery and developing landing strategies to safely attenuate the 

impact from falls in older adults. Specifically, the need for eccentric muscular control in 

order to safely dissipate vGRFs should be targeted in rehabilitation approaches along 

with training to enhance eccentric strength among older adults.  
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CHAPTER V. SUMMARY AND CLINICAL IMPLICATIONS  

 

A. Main Findings 

  

 This dissertation proposed to determine whether whole-body postural responses 

following repeated standing freefall perturbations from stable ground support resembled 

startle-induced reactions in healthy young adults (Chapter II). Furthermore, this work 

investigated age-related changes in neuromotor mechanisms of postural/startle FTRs and 

their influence on ground impact recovery force/time profiles and balance stability after 

landing (Chapter III). This work culminated in the determination of the modulatory 

effects of motor prediction via SLF drop perturbations on energy dissipation, ground 

impact recovery, and balance stability after landing from externally triggered (EXT) drop 

perturbations (Chapter IV).  

1. Rapid and exaggerated neuromuscular and kinematic first trial responses 

and subsequent attenuated responses to an externally imposed freefall perturbation 

of human standing balance resembled the spatiotemporal characteristics of 

previously reported startle responses. 

In our study (Chapter II), rapid phasic bilateral and synchronous activation of the 

sternocleidomastoid (SCM) within 120ms after drop onset was present during the first 

trial response (FTR) for all participants. Furthermore, a marked reduction in EMG 

response amplitudes between FTR and the averaged response amplitudes for trials 2-5 for 

the upper extremity muscles was present and indicative of behavioral habituation. The 

presence of rapid and exaggerated FTRs coupled with attenuation through repeated 
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stimulus exposure suggests that the reactive responses to falls includes a startle 

component.  

When participants were provided with temporal certainty of the forthcoming drop 

perturbation through self-activation of the free fall (SLF), younger adults were able to 

modulate their FTR, which was evident by reduced or absent SCM activity within 120ms 

after drop onset. The peak response amplitudes in the neck and arm musculature were 

significantly reduced between the FTR and subsequent responses of the EXT and SLF 

conditions. In addition to the reduced neuromuscular responses observed, peak shoulder 

abduction was significantly reduced during SLF FTR compared to EXT FTRs. These 

findings further support the likelihood of a startle contribution to EXT triggered postural 

responses as well as demonstrating the potential of participant awareness and motor 

prediction to reduce the effects of exaggerated startle/postural responses.   

Surprisingly, the response amplitudes for the lower extremity muscles were 

unchanged between EXT and SLF FTRs. This finding may reflect a need to consistently 

maximize joint stability on landing impact.  However, the observed delay in tibialis 

anterior (TA) onset latency suggested that reduced ankle muscle coactivation may play a 

critical role in balance stabilization to free fall perturbations and can be modulated 

through motor prediction. The delayed TA onset latency could result in a less stiff ankle 

joint and smaller landing impact forces during the SLF condition. However, the EXT 

FTR is likely to have greater ankle muscle co-activation, resulting in greater lower-

extremity stiffness and larger peak impact forces which could be a detriment to balance 

stability. Thus, the startle component to the postural responses may be a disruptive 
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mechanism to balance recovery and could potentially increase the risk of injury due to 

poor attenuation of large peak impact forces.  

 2. Age-related changes in protective balance and startle responses to sudden 

drop-perturbations.  

 As expected, advancing age leads to abnormalities in interactive startle and 

postural reactions during first trial responses to unexpected drop perturbations of standing 

balance as evidenced by SCM onset latencies which were delayed and poorly habituated 

in comparison to younger adults (Chapter III). Furthermore, the generally rapid onset 

latencies and increased FTR magnitudes in neck and upper limb muscles, and habituation 

behavior during the drop perturbations, suggest that the age-related differences in reactive 

responses were influenced by startle (Chapter III).  

 In addition to the observed differences in upper extremity responses, lower limb 

muscles responses were also influenced by age-associated abnormalities in 

startle/postural responses. Specifically, older adults had increased knee and ankle co-

contraction at the time of ground contact compared to younger adults. The increased co-

contraction is likely to increase joint stiffness and rigidity upon landing which is further 

exacerbated by the decreased knee flexion present in older adults. Because of the 

increased stiffness, older adults landed with significantly higher impact forces compared 

to younger adults, making them more susceptible to risk of injury.  

 The possible age-associated abnormalities in postural/startle responses were not 

limited to joint stiffness and ground impact forces. Balance stability was adversely 

affected by potential startle responses. Stability in the antero-posterior direction was 
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quantified using the margin of stability and assessed at the maximal downward 

displacement of the center of mass. Our findings indicate that increased trunk flexion 

along with decreased knee flexion contributed to the decreased margin of stability among 

older adults. Whole body flexion is characteristic of startle responses and the increased 

trunk flexion observed among older adults may reflect a combination of excessive startle 

response coupled with decreased control of the trunk musculature (Yeomans et al. 

2002b). 

 Given that the emotional state of our participants may influence startle 

characteristics, a self-reported measure of emotion via self-assessment manikin (SAM) 

was administered to both groups. Older adults reported elevated levels of fear which were 

interpreted to contribute to the observed observation of increased startle responses in 

anticipation of the forthcoming drop perturbation. Therefore, identifying ways to mitigate 

or remove the increased levels of anxiety may reduce excessive startle reactions 

accompanying perturbations of balance that may contribute to falls and injuries due to 

falls.   

 From the present study, we have determined that simulated falls evoke motor 

responses that resemble classical startle responses which adversely affect older adults 

compared to young. In general, older adults show several differences from younger 

adults, suggesting abnormalities of startle/postural reactions, which can be linked to an 
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increased risk of injury and loss of balance.  These abnormalities are summarized in 

Figure 21. 

 

 

Figure 21 Summary Conceptual Model linking age-associated abnormalities in landing 
response during first trial responses (FTRs) to externally triggered drop perturbations of 
standing balance with increased impact force and related injuries and balance instability 

 

 3. Motor prediction modulates protective balance and startle response to 

sudden drop perturbations.  

 Motor prediction has been used previously to study whether startle responses can 

either be eliminated or reduced in magnitude through a self-delivered stimulus 

application (Sanders et al. 2015). In the present study, self-activated drops in older adults 

resulted in a significant decrease in knee and ankle co-contraction. As a result of the 

reduced knee and ankle co-contraction, older adults significantly decreased their peak 

impact forces experienced during the drop perturbation.    
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 Hip flexion was significantly different between EXT and SLF FTRs among older 

adults with subjects having greater hip flexion for EXT FTRs compared to SLF FTRs. 

The reduced hip flexion significantly improved the anterior-posterior margin of stability 

among older adults and thus improved balance stability. Older adults also demonstrated 

increased knee flexion during SLF FTRs compared to EXT FTRs. The increased knee 

flexion resulted in a ‘softer landing’ strategy, which allowed for greater energy 

absorption (negative work) and significantly correlated with decreased peak impact 

forces. These findings highlight the importance of active eccentric control in modulating 

excessive vGRFs. Active eccentric control was likely adversely affected due to the 

possible influence of startle-like responses which resulted in decreased eccentric work 

and elevated vGRFs.  

 Similar to our previous study, rapid (<120ms), bilateral and synchronous SCM 

neck muscle activation was present during EXT and SLF FTRs between both groups. 

However, the peak response amplitude was reduced during SLF FTR compared to EXT 

FTR, which suggests that the observed differences between conditions may have been 

attributable to an attenuated startle response.  

 With motor prediction, older adults improved their stability and decreased the 

peak vGRF during SLF FTRs compared to EXT FTRs. The improved stability was likely 

due to the reduced trunk flexion present during SLF FTRs. Trunk flexion is a classical 

marker of startle reactions and the reduced trunk flexion during SLF FTRs compared to 

EXT FTR suggests the possibility of startle-like reactions being superimposed onto 

balance recovery responses, thereby potentially interfering with recovering balance 

stability.  
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B. Future Research Directions  

 

The results of the studies in this dissertation identified the effects of age-

associated abnormalities of excessive and poorly habituated startle/postural FTRs on 

balance recovery. Results from the first and second study indicated that unexpected 

vertical drops of the body elicited startle responses, characterized by the incidence of 

SCM onset latency within 120ms of perturbation onset. However, older adults, compared 

to younger adults, showed delayed onset latencies in both upper and lower extremity 

muscles. Furthermore, trial-by-trial changes in peak SCM amplitude, calculated as the 

first maximal EMG value within 120ms of drop perturbation, were delayed and took 

longer to reduce in magnitude from trial one in older adults compared to young, which 

was indicative of poor habituation of startle-like responses. In addition, the presence of 

SCM activity during FTRs coincided with greater balance instability, increased vGRF, 

exaggerated arm movement, and decreased energy dissipation compared to habituated 

trials and SLF FTRs. 

The presence of startle-like responses appears to be detrimental to balance 

recovery. However, whether startle-like responses are present in other balance 

perturbations remains unresolved. Rapid and exaggerated postural responses during FTRs 

triggered by external perturbations and resembling startle-like responses have been 

observed in a number of studies in which balance is perturbed while standing (Bloem, 

van Vugt, and Beckley 2001; Oude Nijhuis et al. 2009a), walking (Marigold, Bethune, 

and Patla 2003; Nieuwenhuijzen and Duysens 2007a) and sitting (Blouin, Descarreaux, 



 

87 

 

Belanger-Gravel, et al. 2003; Blouin, Siegmund, and Timothy Inglis 2007). Our findings 

suggest that startle responses are likely to contribute to the large amplitude postural 

responses observed during FTRs. The functional implications of startle responses remain 

indeterminate. One possible benefit of a startle response being superimposed onto a 

balance/postural response is that it allows one to rapidly assume a defensive posture 

(Nonnekes et al. 2013; Brown, Day, et al. 1991b). Alternatively, our results support the 

idea that the startle response interferes with balance stabilizing responses, thereby 

resulting in greater instability and increased muscle co-contraction (joint stiffness). It has 

also been speculated that the presence of startle responses superimposed on balance 

recovery responses may interfere with the control of protective stepping and diminished 

its effectiveness in maintaining stability among older adults during lateral waist pulls 

(Rogers and Mille 2016). However, no studies to date have demonstrated the presence 

and incidence of startle-like responses during lateral waist pulls.  

To address this question, two groups of nondisabled healthy older adults would be 

recruited.  Older adults would be pseudorandomized into one of two groups: Group A 

which would receive blocks of 12 consecutive externally triggered followed by 12 self-

initiated motor-controlled waist pulls or Group B which would receive the same blocks of 

externally triggered and self-initiated motor-controlled waist pulls but in reverse order to 

control for possible order effects. Both groups would receive controlled waist pulls at 

identical magnitude combinations of pulling displacement, velocity, and acceleration in 

the lateral direction. Each block of lateral waist pull perturbations would be spaced 

twenty minutes apart to avoid potential habituation carryover. In addition to SCM onset 

latency and peak amplitude response, another primary outcome measure to detect the 
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presence of a generalized startle response would be coherence in EMG activity between 

the left and right SCM muscles. Increased coherence in EMG activity between bilateral 

masseter muscles in the 10 – 20 Hz bandwidth has been observed after exposure to a 

startling acoustic stimulus and is thought to represent increased reticulospinal activity 

(Grosse and Brown 2003). Furthermore, increased coherence in EMG activity between 

bilateral neck muscles in the 10 – 20 Hz bandwidth was observed during FTRs to a rear-

end collision perturbation. Interestingly, coherence decreased significantly over 

subsequent repeated trials but reappeared when a startling stimulus was superimposed 

onto a whiplash perturbation, suggesting that startle-like responses are superimposed onto 

the postural responses during FTRs (Blouin, Inglis, and Siegmund 2006a). We 

hypothesize that both groups will show increased synchrony between left and right neck 

muscles in the 10 – 20 Hz bandwidth during EXT FTR that will decrease during 

subsequent trials and during SLF FTR. We will interpret this to be indicative of a startle 

response to the unexpected lateral waist pull perturbation. Alternatively, if no coherence 

of EMG activity is found in the 10 – 20 Hz bandwidth, it would suggest that the observed 

responses are likely due to postural responses rather than a startle response. These results 

would determine whether unexpected lateral waist pull perturbations elicit a startle 

response. If startle-like responses are determined to accompany the postural responses to 

lateral waist pull perturbations, a subsequent study on the influence of startle on step type 

should be explored further to assess the effect that startle responses coinciding with 

balance responses have on step type in response to lateral waist pull perturbations. 

Increased lower extremity muscle co-activation was present during EXT FTR compared 

to SLF FTR. It is plausible that the unexpected application of a lateral waist pull 
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perturbation may result in a robust co-activation of the lower extremity muscles thereby 

increasing joint stiffness and limiting the reflexive response to the balance perturbation 

due to the presence of a startle-like response. The startle-like responses also may be a 

potential explanation for observed age-related differences in protective stepping control. 

In response to a lateral waist pull perturbation, older adults, compared to young, have less 

efficient balance recovery strategies that are characterized by increased inter-limb 

collisions and multiple steps and decreased stability (Mille et al. 2005). During 

unexpected drop perturbations, older adults compared to younger adults were more 

adversely affected by the presence of startle-like responses. These age-associated 

abnormalities included decreased balance stability, greater lower extremity co-

contraction, and delayed muscle onset latencies. However, when older adults could self-

initiate the drop perturbations, balance stability improved, and lower extremity co-

contraction decreased to the point where they were comparable to younger adults. Given 

that both startle and balance responses share brainstem-mediated pathways, another 

potential study should assess whether age-associated changes in startle-like responses 

contribute to the observed differences in protective stepping responses between older and 

young adults.  

 The results of this dissertation have demonstrated that startle-like responses are 

elicited via unexpected vertical drops of the body (Chapters II-IV). However, questions 

remain regarding the underlying mechanism that triggers these startle-like responses to 

unexpected drop perturbations. Startle responses are likely triggered by activation of 

reticulospinal motor tracts in the pontomedullary reticular formation that are known to 

mediate startle responses and include networks for posture and balance control (Yeomans 
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et al. 2002a; Schepens, Stapley, and Drew 2008; Nonnekes et al. 2015). Furthermore, 

neurons of the pontomedullary reticular formation are not modality specific and therefore 

respond to different types of afferent information (Wu, Suzuki, and Siegel 1988).  As 

such, both postural and startle reactions can be triggered by somatosensory, vestibular, 

and visual sensory stimuli. Studies examining the incidence of startle responses during 

gait and various postures have shown that startle responses are modulated by afferent 

input. For example, startle responses are more prominent and have faster onset latencies 

in lower extremity muscles while standing as compared to sitting (Delwaide and 

Schepens 1995).  Another study observed that the occurrence of startle responses was 

strongly influenced by weight-bearing symmetry. During an asymmetrical stance in 

which participants stood while bearing 60% of their weight on the left leg, the incidence 

of startle responses in the TA muscle was common in the loaded leg compared to the 

unloaded leg (Nonnekes et al. 2013). Taken together, these findings suggest that afferent 

loading information plays a critical role in the observed incidence of startle responses. 

Based on these findings, we hypothesize that unexpected drop perturbations from a 

standing position mainly engage somatosensory and vestibular afferent input through the 

sudden unloading and loss of pressure contact on the legs and feet.  

 To test the hypothesis that the sudden loss of pressure contact triggers the startle-

like responses observed during unexpected vertical drops of the body while standing, a 

group of healthy non-disabled participants would be recruited. All participants would 

participate in two conditions. In the first condition, participants would receive unexpected 

drop perturbations similar to the paradigm outlined in this dissertation (Chapters III-IV). 

In the second condition, participants will stand atop of a moveable support surface as part 
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of the drop perturbation apparatus previously described (Chapters III-IV). However, 

coinciding with the release of the platform, a holding mechanism would support the 

participant in place as the support surface is released. Participants would alternate 

conditions with a time of 20 minutes allotted between conditions and receive three trials 

of each condition. Our primary outcome measure to detect the presence of a generalized 

startle response would be incidence of early SCM activity (<120ms) and coherence in 

EMG activity in the 10 – 20 Hz bandwidth between left and right SCM muscles (Blouin, 

Inglis, and Siegmund 2006a). Based on our previous findings (Chapter II), which 

indicated robust arm flexion-abduction postural/startle responses to externally imposed 

freefalls, shoulder abduction movements would be used as a representative kinematic 

marker elicited by startle-like responses. We hypothesize that the latency and coherence 

of bilateral SCM EMG activity and peak shoulder abduction will not differ between 

conditions. If our hypothesis is supported, these results would suggest that startle-like 

responses to unexpected vertical drop perturbations are likely due to changes in afferent 

loading information. Alternatively, if startle-like responses are present during the first 

condition but not the second, it would suggest that afferent loading does not elicit the 

startle-like responses observed during unexpected vertical drops. Rather, these startle-like 

responses are likely engaged by other stimuli such as somatosensory and vestibular inputs 

through the change in vertical displacement of the head and body. Ultimately, our results 

would highlight the critical role that afferent loading information from the legs plays in 

modulating startle-like responses to unexpected drop perturbations while standing. These 

findings could have important implications for neurorehabilitation as deficits in 

processing afferent information from load receptors may interfere with the ability to 
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modulate startle-like responses. Impaired load-dependent modulation of startle responses 

could be a potential underlying mechanism contributing to abnormal and excessive startle 

responses in older adults. Thus, subsequent studies could assess the influence of aging on 

load-dependent modulation of startle responses.  

 Another major finding from this thesis is the role of active eccentric control in 

mitigating high impact forces and maintaining stability after balance is perturbed.  

Effective eccentric control is essential during landing movement tasks to oppose 

potentially injurious alignment and extreme joint loading (LaStayo et al. 2003; Gerber et 

al. 2009). Furthermore the ability to effectively reduce knee flexion velocity during the 

eccentric phase of drop landings have been linked to improved lower extremity 

neuromuscular control and decreased knee injury risk (Hewett, Myer, and Ford 2006). 

Our findings suggest that older adults compared to younger adults have deficits in active 

eccentric control which was linked to decreased stability and greater peak vGRFs 

(Chapter IV). Having sufficient lower extremity control is vital in minimizing lower 

extremity injury, and a number of resistance based training programs have been utilized 

to enhance lower extremity control (Hewett, Ford, and Myer 2006; Myer et al. 2008). An 

emerging training method for concurrently eliciting improvements in balance and lower 

extremity strength is eccentric training. Functionally, eccentric resistance training may be 

a better alternative to traditional resistance training regimes given that eccentric muscle 

action is low in energy cost and produces high muscle force while mitigating age-related 

deficits in muscle size and strength (LaStayo et al. 2003; Marcus et al. 2011; Dibble et al. 

2006). Furthermore, previous studies have shown that eccentric training resulted in 

improved balance, lower extremity strength, and reduced fall risk during stair negotiation 
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among older adults (Gault, Clements, and Willems 2012; LaStayo et al. 2003; Theodorou 

et al. 2013). Therefore, a follow-up study based on the results of our study (Chapter IV) 

would examine the effects of eccentric resistance training on energy dissipation and 

reducing peak vGRFs during an externally triggered drop perturbation. A training 

intervention utilizing eccentric muscle control would be beneficial in stimulating the 

neural responses to external stimuli which require active eccentric muscle control (i.e. 

stepping down unexpectedly). We hypothesize that improvements in drop landing 

performance, improved balance stability, reduced peak vGRF, and increased eccentric 

work done, would be demonstrated and concomitant with improved measures of eccentric 

control characterized by total negative work output performed on an eccentric exercise 

machine.   

 To test this hypothesis, healthy nondisabled older adults will be recruited from the 

community. Older participants will be randomly assigned into one of two groups. In the 

eccentric training group, participants will perform eight weeks of progressive eccentric 

training exercise on a recumbent, high-force eccentric, leg cycle ergometer (Eccentron™, 

Baltimore Therapeutic Equipment, Hanover, MD). The control group will use a 

traditional resistance training program for two days a week for 8 weeks. Resistance 

training will be performed using a Biodex System 3 dynamometer (Biodex Medical 

System, Shirley, New York, USA) and consist of knee flexion exercises to simulate the 

dominant action performed during the landing phase.  Prior to training, each group will 

receive two EXT drop perturbations to assess baseline measures of margin of stability, 

negative work, and peak vGRF. Participants will exercise 3 times per week for a total of 

eight weeks. Each group will also receive 1 week of familiarization in addition to the 
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eight weeks of training. Prior research studies have demonstrated safe and effective 

eccentric training programs with similar equipment among older adults (Johnson 2018; 

LaStayo et al. 2003). Briefly, the maximum eccentric output for each participant will be 

assessed at baseline. Training intensity will be determined by each participant’s 

perception of exertion, using a Borg rating of perceived exertion scale (Noble et al. 

1983). Each participant will begin at the lowest perceived level of effort and gradually 

increase their perceived exertion to “somewhat hard” exertion by week eight.  Total 

negative work output will be determined for each week, which was a product of the step 

frequency and force production. The control group will progress their lower extremity 

resistance exercises in similar fashion as the eccentric training group. Lastly, all 

participants will receive two EXT drop perturbations following completion of training to 

assess post-training effects on negative work and peak vGRF. We hypothesize that eight 

weeks of progressive eccentric training will result in increased lower extremity negative 

work, improved balance stability, and reduced vGRF during landing for EXT drop 

perturbations whereas the control group (resistance training) will show no significant 

changes in lower extremity work, balance stability, or peak vGRF. If our hypothesis is 

supported, these results would demonstrate that the proposed training volume and 

duration are sufficient to elicit improvements on energy dissipation strategies, balance 

stability, and attenuating large peak vGRF among older adults. Alternatively, if no 

differences are present between pre-training vs. post training lower extremity negative 

work and peak vGRF, it would suggest that either the proposed training program duration 

and intensity were insufficient to improve landing control strategies and may need to be 

refined further, or that eccentric training is not be a viable option to improve landing 
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control during drop perturbations. The results of the proposed study may be of clinical 

importance and would be among the first in determining the efficacy of eccentric 

resistance training in mitigating fall risk and fall-related injuries among older adults 

during reactive balance control. Furthermore, if improved eccentric control results in 

increased negative work and reduced vGRF, it may explain the age-related differences 

found previously (Chapter IV). A previous study found that older adults compared to 

younger adults had greater difficulty during a force matching task during eccentric rather 

than concentric contractions (Hortobágyi et al. 2001). Accurate scaling of eccentric 

forces are vital while performing landing movements such as stair descent and downward 

stepping which  are dominated by eccentric contractions and are associated with high risk 

of fall among the elderly (Startzell et al. 2000). Thus, subsequent studies could examine 

whether age-associated differences in force inaccuracies influence energy dissipation and 

stability during drop perturbations.   

C. Conclusions 

 

This dissertation has advanced the understanding of how age-related changes in 

landing balance control mechanisms and the intervening role of startle reactions triggered 

by the downward motion of the body due to a sudden loss of ground support alter the 

ground impact recovery force/time profile and balance stability. Furthermore, this 

dissertation has demonstrated the capacity to attenuate abnormal startle/postural 

responses with motor prediction. 

During externally triggered drop perturbations, compared to younger individuals, 

older adults showed abnormalities of delayed, exaggerated, and poorly habituated 
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startle/postural FTRs linked with less effective postural movements and balance 

stabilization through excessive muscle responses and joint stiffening. Consequently, these 

individuals showed peak vertical ground reaction forces and decreased margin of 

stability, making them more susceptible to a loss of balance and falls.   

Motor prediction via self-activated drop perturbations was used to attenuate the 

abnormal postural/startle responses observed in older adults (Chapter IV). With motor 

prediction, older adults reduced SCM response amplitude, which is used as a surrogate 

marker for startle. The reduction in SCM amplitude coincided with decreased knee and 

ankle co-contraction and reduced trunk flexion. As a result, older adults were able to 

improve energy dissipation during landing by increasing the amount of negative work 

done to slow the downward descent of the center of mass during landing. The improved 

energy dissipation in turn reduced the peak vertical ground reaction forces.   

Altogether, these findings have potentially useful and important clinical 

implications for determining underlying mechanisms contributing to falls and increased 

risk of injuries due to falls among older adults by identifying the presence of startle-like 

responses contributing to instability and increased fall impact force. Furthermore, the 

capacity for older adults to modulate startle/postural neuromuscular responses via motor 

prediction remains intact and may aide in the development of therapeutic and 

scientifically grounded interventions aimed at enhancing balance recovery and mitigating 

the risk of falls and fall related injuries.  
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