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ABSTRACT 

Postural reflexes are impaired in conditions such as Parkinson’s disease, leading to difficulty 

walking and falls. In clinical practice, postural responses are assessed using the ‘pull test’, 

where an examiner tugs the pre-warned, standing patient backwards at the shoulders and 

grades the response. However, validity of the pull test is debated with issues including scaling 

and variability in administration and interpretation. It is unclear whether to assess the first 

trial or only subsequent repeated trials. The ecological relevance of a forewarned backwards 

challenge is also debated. We therefore developed an instrumented version of the pull test to 

characterize responses and clarify how the test should be performed and interpreted. In thirty-

three healthy participants, ‘pulls’ were manually administered and pull force measured. 

Trunk and step responses were assessed with motion tracking. We probed for the StartReact 

phenomenon (where pre-prepared responses are released early by a startling stimulus) by 

delivering concurrent normal or ‘startling’ auditory stimuli. We found that the first pull 

triggers a different response, including a larger step size suggesting more destabilization. This 

is consistent with ‘first trial effects’, reported by platform translation studies, where 

movement execution appears confounded by startle reflex-like activity. Thus, first pull test 

trials have clinical relevance and should not be discarded as practice. Supportive of 

ecological relevance, responses to repeated pulls exhibited StartReact, as previously reported 

with a variety of other postural challenges including those delivered with unexpected timing 

and direction. Examiner pull force significantly affected the postural response particularly the 

size of stepping.  
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NEW AND NOTEWORTHY   

We characterized postural responses elicited by the clinical ‘pull test’ using instrumentation. 

The first pull triggers a different response, including a larger step size suggesting more 

destabilization. Thus, first trials likely have important clinical and ecological relevance and 

should not be discarded as practice. Responses to repeated pulls can be accelerated with a 

startling stimulus, as reported with a variety of other challenges. Examiner pull force was a 

significant factor influencing the postural response.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION:  

Postural ‘reflexes’ are crucial to the maintenance of upright stance (Currie and Carlsen 1985; 

Eaton and Emberley 1991; Shemmell 2015). Impairment of these reflexes in disorders such 

as Parkinson’s disease results in postural instability and causes reduced walking confidence, 

falls and even inability to stand (Bloem et al. 2004; Hely et al. 2005). In clinical practice, 

postural responses are routinely assessed using the ‘pull test’. In the pull test, an examiner 

tugs the standing patient backwards at the shoulders and grades the response (Fahn S, Elton 

RL. UPDRS Development Committee 1987). Patients typically respond by flexing at the 

trunk and sometimes by taking a corrective step (Visser et al. 2003; Hunt and Sethi 2006). 

However, pull test scores correlate poorly with important clinical endpoints such as falls and 

poor validity of the pull test is cited as a factor confounding the detection of novel treatments 

(Bloem et al. 1998; Thevathasan et al. 2011; Morita et al. 2014). Such issues could simply 

reflect the limited scaling of the test (score/4). Additionally, inter and intra rater reliability are 

often cited as confounds (Munhoz et al. 2004; Hunt and Sethi 2006). However, it is unclear 

whether variabilities in test administration, such as pull force, influence the response. 

Interpretation of the test is also controversial. For example, it is debated which trial to assess. 

Guidelines produced by the International Movement Disorders Society suggest that the 

patient should be fore-warned about the impending challenge, with an initial practice trial 

before a second trial is formally assessed (Goetz et al. 2008). Others claim that an unexpected 

pull, performed only once, is most clinically meaningful (Bloem et al. 2001; Visser et al. 

2003). In some studies, the average response from repeated pull test trials has been measured 

(Bloem et al. 2001; Nanhoe-Mahabier et al. 2012). Whether these different techniques yield 

different motor responses is uncertain. For example, in contrast to repeated trials, initial 

perturbations could be more ‘startling’ and the motor response less pre-prepared (Allum et al. 

2011). This also raises the question of ecological relevance. An expected backwards 



perturbation as occurs in the pull test may occur relatively infrequently in daily life, such as a 

passenger subject to anticipated acceleration of a train. Do such responses differ from those 

triggered by challenges that occur unexpectedly and in any direction (Carpenter et al. 2004; 

Dimitrova et al. 2004; Jacobs et al. 2005)? 

Some of these questions have been addressed in laboratory studies, using a different 

perturbation – platform translation beneath the feet (Campbell 2012; Campbell et al. 2012, 

2013; Nonnekes et al. 2013; Ravichandran et al. 2013). These studies suggest that first and 

subsequent postural challenges evoke different responses. “First trial postural responses” 

have many features that suggest superimposition of the generalized startle reflex, including 

muscle co-contraction, forward flexion of the trunk into a crouching posture and subsequent 

habituation (Oude Nijhuis et al. 2009, 2010; Allum et al. 2011). This ‘first trial effect’ may 

actually be maladaptive, at least for stance preservation, being associated with increased 

deviations in centre of mass and propensity to falls (Horak and Nashner 1986; Oude Nijhuis 

et al. 2009). If such findings also apply to the pull test, this would be of great relevance to 

clinicians, suggesting that the very first pull test trial is crucial to assess and should not be 

discarded as practice. This may be particularly true in patients with Parkinson’s disease, who 

are reported to have abnormalities integrating startle responses into movement 

(Nieuwenhuijzen et al. 2006). Platform translation studies also suggest that postural 

responses, averaged over repeated trials, exhibit pre-preparation but keep in reserve latent 

potential to be accelerated (Campbell et al. 2012; Nonnekes et al. 2013). Pre-preparation was 

assessed in these studies using the StartReact probe – where a concurrent ‘startling’ stimulus, 

such as a loud sound, can speed responses that are pre-prepared (Valls-Solé et al. 1995; 

Valls-Sole et al. 1999; Campbell 2012; Nonnekes et al. 2013). Platform translation studies 

report that StartReact is present with backwards and sideways challenges and regardless of 

whether the perturbation is expected in timing or direction (Campbell et al. 2012; Nonnekes 



et al. 2013). If repeated pull test trials also exhibit StartReact, this could support that pull test 

results reflect the integrity of pathways utilized by a broader range of responses than only 

those elicited by a forewarned backwards challenge.  

However, whether findings from platform translation studies apply to the pull test is 

uncertain. Platform translation involves intense ‘bottom up’ perturbations, generating an 

initial lower limb response as occurs when slipping on a wet floor (Horak et al. 1997). In 

contrast, the pull test employs a ‘top down’ perturbation, with initial displacement and 

response of the trunk, as may occur when bumped in a crowd – and this generates a different 

pattern of motor recruitment (Govender et al. 2015; Azevedo et al. 2016; Colebatch et al. 

2016; Di Giulio et al. 2016).  

We therefore developed an instrumented version of the pull test to better characterize the 

nature of elicited postural responses and clarify how the test should be performed and 

interpreted. Like the clinical test, the perturbation was delivered manually by an examiner but 

with measurement of pull force. Both the trunk and step responses were assessed with motion 

tracking – akin to visual assessment by a clinician. Three key questions were addressed. First, 

whether responses to the first pull test trial differ from subsequent repeated trials. Secondly, 

whether averaged responses to repeated pulls exhibit StartReact. Third, whether variabilities 

in baseline subject characteristics such as height and weight, or in the examiner such as pull 

force, affect results.  

PARTICIPANTS AND METHODS 

Participants: 

Thirty-three healthy young adults (age 28.0 ± 4.1 years; height 1.72 ± 0.1 m; weight 68.8 ± 

14.0 kg; 20 males) without known hearing, neurological or musculoskeletal disorders were 

recruited as a sample of convenience. Repeated trial data were captured for all participants. In 



eighteen participants, first trial data were also captured, and pulls were of sufficient force to 

always generate both a trunk and step response. In the remaining fifteen participants, pulls 

were of lesser force and elicited only a trunk response. Local ethics committee approval was 

obtained, and participants gave written informed consent.   

Experiments: 

The instrumented pull test was performed similarly to the clinical pull test (Fahn S, Elton RL. 

UPDRS Development Committee 1987). Participants stood in bare feet and focused on a 

picture 1.5 m ahead at eye level, wearing a customized trunk harness attached to a load cell 

(Omegadyne LCM201-100N, Ohio, USA). A warning cue was not provided. The assessor 

manually generated a backwards pull via the load cell held perpendicular to the shoulder level 

of the participant (Fig. 1). Thirty-five trials were presented serially, with an auditory stimulus 

(40 ms duration, 1000 Hz) delivered within 30 ms of each pull.  The auditory stimulus was 

either 90 dB (normal) or 116 dB (loud). This loud stimulus has been demonstrated as 

sufficient to trigger StartReact and a startle reflex (Thevathasan et al. 2011). The first five 

trials involved normal sounds, followed by 20 normal and 10 loud trials randomly 

intermixed. Inter-trial intervals (10 - 15 s) were variable. Participants had a short rest after 

each block of 10 pulls, or as requested.  

Auditory stimuli were delivered through a custom hardware audio interface. Auditory tones 

were delivered binaurally through headphones (Audio Technica, ATH-ES7, Tokyo, Japan). 

Sound pressure levels were calibrated in a sound-proof room with a modular precision sound 

analyzer (Observer 2260, Bruel and Kjaer, Naerum, Denmark) via an artificial ear and 

headphone adaptor. Tones were triggered when the force of each pull reached a maximum 

(Fig. 2). Triggering was processed within the hardware via an embedded microprocessor, 

resulting in a delay of 21 ±  6 ms between the onset of the pull and auditory stimulus 



delivery. This delay is well within the time window where a loud auditory stimulus can 

trigger StartReact  (Valls-Solé 2004; Kumru and Valls-Solé 2006; Castellote et al. 2013).  

Responses in both tasks were measured with electromagnetic three-dimensional motion 

tracking using type-800 miniature sensors (Ascension TrakStar, Vermont, USA). Sensors 

were attached at the sternal notch (at the level of the second and third thoracic vertebra), and 

on the right and left ankle malleolus. Each sensor, sampled at 250 Hz, measured triaxial 

displacement in millimeter units as well as pitch, roll, and yaw in degrees. The sensors were 

referenced to the origin of the transmitter. Data were acquired using custom software. 

Previous work has shown this system has a sensitivity of 0.45 mm and 0.02° with 

measurements accurate to ± 0.4 mm and ± 0.05° (Perera et al. 2016).  

Tasks were administered in a quiet room with distractions minimized. The order of tasks was 

counterbalanced. Participants were blinded to experiment hypotheses. One researcher (J.L.T.) 

conducted all assessments and continuously monitored participants to prevent falls. 

Parameters 

Data analysis was automated using a script written in MATLAB (MathWorks Inc., 

Massachusetts, USA). Motion tracking data were high-pass filtered with a 0.05 Hz cut-off 

frequency. Trunk displacement data were differentiated to determine velocity and then 

acceleration.   

The truncal response is the first strategy used to maintain upright posture in the pull test and 

is elicited in every trial  (Di Giulio et al. 2016).  Postural reaction time was defined as the 

difference between the onset of trunk displacement and the turning point of the trunk velocity 

curve (when the trunk started to decelerate) (Fig. 2 and 3). Notably, the imperative was 

defined as the onset of trunk displacement (three standard deviations above the 1 s pre-

stimulus baseline), rather than any threshold of pull force - as this removed the confound of 



variability due to slack in the harness or body. Magnitude of the postural response was 

defined as the peak deceleration of the trunk and is reported in units of millimeters per second 

per second (mm.s-2).  

When the truncal response is insufficient to maintain balance, the step response is generated 

(Pai et al. 1998). Stepping can also occur early, well within stability limits and before balance 

is fully perturbed (Maki and McIlroy 1997). Stepping was defined as the foot moving past the 

stance foot in the backward direction, excluding movement in any other direction. Step 

reaction time was calculated as the difference between the onset of truncal displacement to 

the initial movement of the stepping limb (4 standard deviations above baseline). Response 

magnitude of stepping was determined by total displacement of the feet in millimeters (mm), 

from initial foot lift off to contact of the stepping limb arresting backward retropulsion. 

Analysis excluded steps less than 50  mm, as the change in base of support is considered 

negligible (McVey et al. 2013). 

Reaction times and response magnitudes were computed for every individual trial including 

the first trial. For repeated trials, the first five trials were discarded to avoid first trial effects 

which have been shown to habituate over several initial trials (Nanhoe-Mahabier et al. 2012). 

Repeated trial measures reflect averages over the subsequent thirty trials. Additionally, trials 

were rejected if there was an anticipatory truncal movement (a forward trunk displacement 

immediately prior to the auditory stimulus that exceeds three standard deviations above the 1s 

pre-stimulus baseline).  In one participant, anticipatory truncal movement was detected in 

most trials, so this dataset was excluded. 

Peak pull force and rate of force development were calculated from the load cell and reported 

in units of Newtons (N) and Newtons per second (N/s) respectively. The peak pull force 



indicates the instantaneous maximum force delivered, whereas the force rate is the slope of 

the force versus time curve indicating how rapidly the force was generated. 

Data Analysis 

A Kolmogorov–Smirnov Test demonstrated that all measures did not differ from a normal 

distribution.  

Due to the number of contributing factors that could influence trunk and stepping reaction 

time and magnitude in the postural reflex task, a linear mixed models (LMM) analysis was 

conducted according to methods previously described (Boisgontier et al. 2017). LMM offers 

several advantages over ANOVA in the analysis of the postural reflex task by accounting for 

both nested (multiple observations in a single participant in one condition) and crossed 

(participant observed in multiple conditions) factors, controlling for increased probability of 

Type 1 error (Boisgontier and Cheval 2016). At the participant level, it accounts for height 

and weight, and sampling variability of peak force and force rate at the trial level. LMMs 

prevent information loss by considering all trials individually, rather than averaging data 

across multiple trials. Results can subsequently be generalized across the population and 

conditions tested (Boisgontier et al. 2017).  

To determine effects of auditory stimulus and pull force variables on reaction time and 

response magnitude in the postural reflex task, LMM analysis was conducted using the 

following equation:  

Y𝑖𝑖 = �𝛽0 + 𝜃0𝑗� + 𝛽1TrialType𝑖𝑖 + 𝛽2Weight𝑗 + 𝛽3Height𝑗 + 𝛽4PeakForce𝑖𝑖

+ 𝛽5ForceRate𝑖𝑖 + 𝜖𝑖𝑖 

Where Y𝑖𝑖is the participant’s reaction time or response magnitude for trial 𝑖, 𝛽0−5 are the 

fixed effect coefficients, 𝜃0𝑗  is the random effect for participant j (random intercept), and 𝜖𝑖𝑖 

is the error term.  



 

This model was built using SPSS (IBM, Chicago, IL) version 22. The following factors were 

included: trial type, weight, height, peak force, and force rate. At the participant level, height 

and weight were included to account for the lever-arm mechanism of the pull and the impact 

inertia of the trunk (Delitto et al. 1989; Oliveira et al. 2011). To determine if the first trial was 

different from subsequent trials, the trial factor is coded as 0 for the first trial (90 dB), 1 for 

repeated trials at 90 dB, and 2 for repeated trials at 116 dB. Four LMMs relating to: trunk 

reaction time, trunk response magnitude, stepping reaction time, and step response were used 

to analyze the data. Variance inflation factors for each predictor in all models fell below 10 

and multicollinearity was considered absent (Hair et al. 1995). The variance components 

covariance structure was selected for the LMMs. 

For each explanatory variable, an estimate of the effect, p-value, and 95% confidence 

intervals are specified. Where the explanatory variable is continuous, the estimate of the 

effect is based on a regression coefficient (which gives the predicted increase in outcome for 

a one-point increase in the variable). For categorical explanatory variables, post-hoc pairwise 

comparisons were performed to determine the differences between trial types and were 

corrected for multiple comparisons (Benjamini and Hochberg 1995). Level of significance 

was α = 0.05. 

RESULTS 

A summary of results from the LMM analysis is found in the tables.  

First trial responses 

Trunk reaction times from first trials did not differ from repeated trials with normal stimuli [p 

= 0.692] and repeated trials with loud stimuli [p = 0.692]. Trunk response magnitudes from 



first trials did not differ from repeated trials with normal stimuli [p = 0.497] and repeated 

trials with loud stimuli [p = 0.120].  

Step reaction times from first trials were slower than repeated trials with normal stimuli 

[mean difference 36.9 ms, p = 0.009] and repeated trials with loud stimuli [mean difference 

46.1 ms, p = 0.002]. Step response magnitudes from first trials were larger than repeated 

trials with normal stimuli [mean difference 60 mm, p = 0.002] and repeated trials with loud 

stimuli [mean difference 53 mm, p = 0.005].  

StartReact in repeated trials 

StartReact was present in the trunk response from repeated trials. That is, trunk reaction times 

in repeated trials were faster with loud compared with normal stimuli [mean difference 10.2 

ms, p = 0.002]. Trunk response magnitude in repeated trials were also larger with loud than 

normal stimuli [mean difference 588 mm.s-2, p < 0.001]. However, there was no difference in 

repeated trials with normal and loud stimuli for step reaction time [p = 0.072] and step 

response magnitude [p = 0.315].    

Impact of examiner and baseline participant variables 

Increased peak pull force was associated with slower trunk reaction times [b = 0.36, p < 

0.001] and larger step response magnitude [b = 1.02, p < 0.001]. Increased participant weight 

was associated with slower step reaction time [b = 2.37, p = 0.008]. Otherwise, participant 

weight and height did not influence results.   

DISCUSSION 

We sought to characterize the nature of postural responses generated by the pull test, to 

clarify how the test should be performed and interpreted. First pull test trials were 

significantly different to subsequent repeated trials, demonstrating a slower and larger step 

response. Despite the relative ‘surprise’ of first trial perturbations (all with normal stimuli), 



the trunk response was no faster or larger than in repeated trials (with either normal or loud 

stimuli). In repeated trials, the trunk demonstrated StartReact – that is, loud stimuli were 

associated with faster responses. Increased peak pull force increased trunk response latency 

and increased the size of the step response. Increased subject weight increased step response 

latency. Otherwise, subject weight and height did not influence results.  

Before further discussion, potential confounds need to be considered. It is important to note 

that in this study, we employed motion tracking as the assessment tool – which detects net 

movement (akin to a clinician) rather than when muscle recruitment first begins - as is 

available with electromyography (EMG). Importantly, for first trials, we only employed 

normal stimuli and not also loud stimuli. Thus, we cannot directly assess whether first trials 

exhibited StartReact. One question is whether intensity effects (Woodworth 1938; Kohfeld 

1969) contributed to our finding of StartReact in repeated trials. However, previous studies 

(Carlsen et al. 2007; Delval et al. 2012) that employed similar stimulus intensities report that 

the substantial reaction time benefit of StartReact is inconsistent with the modest and gradual 

reduction in reaction times seen with increasing stimulus intensities. Another potential 

confound is that of intersensory facilitation (Hershenson 1962). In this study, we excluded 

intersensory facilitation by employing a control sound of 90 dB in normal trials in addition to 

the potentially ‘startling’116 dB in loud trials (Thevathasan et al. 2011).  

Characterization of postural responses to the pull test  

First trial effects 

We found that first pull test trials (with normal stimuli) differed significantly from repeated 

trials (with normal and loud stimuli). Whilst first trial trunk responses did not differ in latency 

or magnitude compared with repeated trials with normal and loud stimuli (see further 

discussion below), the step response was slower and the step magnitude bigger. We interpret 



this larger step as indicating that first pull test perturbations had a more destabilizing impact 

on stance. This is supported by our observation that greater peak pull force also generated a 

larger step response. This also corroborates findings that first trials provoked by platform 

translation result in greater displacement in centre of mass and increased falls (Horak and 

Nashner 1986; Oude Nijhuis et al. 2009). Why would first trial responses be performed worse 

than subsequent repeated trials? First trials are performed slower even for a non-postural, 

non-startling task of ankle dorsiflexion and this may reflect the lesser opportunity for motor 

preparation compared with after practice (Sutter et al. 2016). This could explain why we 

found the step response in first trials to be slower (see further discussion below). However, a 

more specific issue for first postural challenges are findings reminiscent of a confounding 

startle reflex including excessive muscle co-contraction, crouching body response and 

subsequent habituation (Oude Nijhuis et al. 2009, 2010). The exact nature of the first trial 

effect is debated, and the pattern of muscle recruitment may not simply be explained by 

summation of the startle reflex and postural response (Oude Nijhuis et al. 2010). 

Nevertheless, like the startle reflex, the impact of first trial postural responses to stiffen and 

crouch the body may have provided evolutionary advantage to our ancestors. However, for 

the maintenance of upright stance, the first trial response appears to be maladaptive (Allum et 

al. 2011). In this study, we did not seek the full array of features characterizing the first trial 

postural response. However, discrimination of first trial from repeated postural responses can 

be difficult, for example activation of sternocleidomastoid and masseter occurs in both (Oude 

Nijhuis et al. 2010; Campbell et al. 2013). Regardless, for the pull test we have found that 

first trial responses are different to repeated trial responses. This supports that the first pull 

test trial is worth assessing as a separate endpoint – and could be argued to have greater 

ecological relevance (see below).   

StartReact and motor preparation 



For repeated trials, we found that postural responses of the trunk exhibited StartReact, 

supporting the existence of pre-preparation (Valls-Solé et al. 1995; Valls-Sole et al. 1999). 

Only a weak trend suggested StartReact in the step response – which may reflect the 

secondary importance of stepping; being required only when the earlier trunk response is 

insufficient (Pai et al. 1998). That StartReact is present in the postural response of the trunk 

in repeated pull test trials is perhaps unsurprising, given these trials benefitted from practice 

and foreknowledge of the required response. These findings corroborate platform translation 

studies which report that repeated postural responses to both forward and sideways 

perturbations exhibit StartReact (Campbell 2012; Nonnekes et al. 2013). This suggests that 

repeated postural responses keep in reserve capacity to be released even quicker when there is 

a concurrent and suitably arresting stimulus. At least one study found that provoking this 

latent StartReact effect in postural responses to be advantageous, improving balance 

preservation (Nonnekes et al. 2013). However, should not first postural trials also trigger 

StartReact (even in the absence of a loud stimulus) given their importance and propensity to 

generate a startle-like response? Indeed, one study found that a first postural challenge was 

itself a sufficiently arresting stimulus to provoke StartReact in wrist extension (Campbell et 

al. 2013). However, whether the postural response itself benefits from StartReact in first trials 

has not been explored (Campbell et al. 2013). Our results, on superficial review, suggest that 

this may not occur – as we found that first trial trunk reaction times were not different from 

repeated trials with normal stimuli. However, we did not compare postural responses to 

normal and loud sounds in first trials. Moreover, a recent study found that for a non-postural 

non-startling ankle dorsiflexion task, first trials were actually performed slower than 

subsequent repeated trials (Sutter et al. 2016). Loud startling stimuli sped these first 

dorsiflexion trials so that they had a similar latency to repeated trials with normal stimuli 

(Sutter et al. 2016). Taken together, these findings raise the possibility that StartReact could 



actually have benefitted our first pull test trunk responses but sufficed only to bring latencies 

in line with repeated trials with normal stimuli. This would also explain why the step 

response, which did not clearly benefit from StartReact in our study, remained slower in first 

trials compared with repeated trials. This is a hypothesis that could be addressed in future 

research.  

Impact of examiner and baseline participant variables 

Peak pull force varied sufficiently to be a factor affecting the latency of the trunk response 

and the size of stepping. The slower trunk response with increased peak pull force may reflect 

the greater recruitment of trunk muscles required before sufficient counteracting acceleration 

(deceleration) could be generated (our definition of response onset) (Cresswell et al. 1994). 

That increased peak pull force was associated with larger step size likely reflects the greater 

destabilization produced by a more forceful perturbation and thus the magnitude of the 

compensatory step required (Pai et al. 1998). Increased participant weight resulted in slower 

step reaction times. A relationship between increased body mass and slower reaction time has 

previously been reported (Skurvydas et al. 2009). This may be, at least partly, explained by 

Newton’s second law (Force = Mass x Acceleration). That is, increased recruitment of leg 

muscles may be required to generate sufficient force to produce step acceleration, when mass 

is greater (Skurvydas et al. 2009). Otherwise, weight and height did not influence pull test 

performance although this may reflect limited variance of these parameters in the 

participants. 

Clinical relevance 

We tested a cohort of young healthy controls and whether these findings are applicable to 

older patients with Parkinson’s disease is worthy of future investigation. For example, 

StartReact is reported to be delayed with ageing (Tresch et al. 2014) and is reported to be 

absent in some patients with Parkinson’s disease (Thevathasan et al. 2011). Regardless, our 



results are likely to have interest for clinicians who perform the pull test. Our findings 

support that the first trial response is important to capture as an endpoint in its own right 

rather than to be ignored in the primary assessment of the second trial (as suggested in the 

Movement Disorders Society Unified Parkinson’s Disease Rating Scale) or averaged out in 

analysis of repeated trials (Visser et al. 2003; Goetz et al. 2008; Oude Nijhuis et al. 2010; 

Nonnekes et al. 2015). Interestingly, previous studies have suggested that the first trial may 

correlate best with other clinical measures of balance impairment such as falls (Visser et al. 

2003; Oude Nijhuis et al. 2010; Nanhoe-Mahabier et al. 2012; Nonnekes et al. 2015). It is 

encouraging and supportive of ecological relevance, that postural responses to the pull test 

exhibit similar characteristics (at least in terms of first trial responses and StartReact in 

repeated trials) to those generated in the laboratory from bottom up perturbations where the 

timing and directions of perturbations are unknown (Campbell 2012; Nonnekes et al. 2013). 

On the other hand, it seems clear that examiner performance, namely peak pull force, has a 

substantial impact on pull test results. Clinicians do not have the benefit of a pull force meter 

and a mixed linear model to adjust for such confounds. Whilst the pull test remains a very 

useful clinical test, these findings help explain why reliability has been an issue and supports 

the call to develop more objective measures or biomarkers of postural instability (Perera et al. 

2018). 

Our results may have bearing on rehabilitation strategies that have been employed in patients 

with Parkinson’s disease whereby patients are subject to repeated pulls to enhance the 

practiced response (Dijkstra et al. 2015; Peterson et al. 2016). It is unclear if this approach 

would benefit the first, and arguably most important, postural response given the propensity 

for first trial effects to confound movement execution. These first trial responses may be 

exaggerated in patients with Parkinson’s disease, who have delays in habituation compared to 

controls (Nanhoe-Mahabier et al. 2012). It has been speculated that exaggerated first trial 



responses in Parkinson’s disease patients may arise as a consequence of fear of falling 

(Grillon et al. 1991; Davis et al. 1993; Adkin et al. 2003, 2008; Franchignoni et al. 2005). 

Furthermore, one study (Nieuwenhuijzen et al. 2006) observed that patients with Parkinson’s 

disease are less able to integrate the startle response into phases of gait. If diminished 

integration of the startle reflex can also involve first postural responses – then this could 

conceivably be a factor in the risk of falls in patients with Parkinson’s disease. If so, then it is 

worth noting that therapies exist  to suppress startle and therefore falls in patients with 

hyperekplexia (exaggerated startle) (McAbee 2015). 

The Instrumented Pull Test as a Potential Assessment Tool  

This study highlights the capabilities of instrumentation of the clinical pull test with 

responses assessed with motion tracking. As in clinical practice, the perturbation was 

delivered manually by an examiner. To deliver the pull, we employed a rope attached to a 

harness with a force gauge to record the force of each pull. The recording of pull force 

appears important, as this was a significant cofactor affecting results. The use of an external 

motion tracker to measure responses was akin to visualization of movement used by 

clinicians. Of crucial importance was the method of analyzing motion tracking data with 

respect to the onset of trunk displacement rather than the pull itself. This decision to time 

lock to the onset of trunk displacement allowed us to exclude several confounds including the 

variable time taken to tension the harness and rope by the assessor and the variable stiffening 

of the body between trials.  

Recently, more precisely calibrated truncal perturbations have been attempted in the 

laboratory with motors and pendulums (Azevedo et al. 2016; Di Giulio et al. 2016). In 

contrast, motion tracking is a relatively simple technique (albeit still requiring specialized 

equipment) and this has been previously employed to assess the ‘push and release test’ (an 



alternative to the more widely used ‘pull test’)(Jacobs et al. 2006; Smith et al. 2016).  The 

instrumented pull test reported here could therefore be a more accessible alternative to assess 

patients with Parkinson’s disease for clinical research. However, we note that the 

instrumented pull test described here would only be able to finely grade responses in patients 

who can still maintain stance without falling – that is, patients with Parkinson’s disease (up to 

Hoehn and Yahr stage 3/5) who exhibit up to grade 1 postural instability according to the 

Unified Parkinson’s disease Rating Scale (Fahn S, Elton RL. UPDRS Development 

Committee 1987).  
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FIGURES 

 

Figure 1. Set up of instrumented pull test. The instrumented pull test allows an assessor to 
apply a shoulder-level backward perturbation using a rope and harness (a). The force of the 
perturbation is recorded using a force gauge (b); the truncal response via a sensor placed at 
the sternal notch (c); and stepping via sensors on the left and right ankle malleolus (d). The 
motion tracking system encompasses a processing unit (e) which calculates three-dimensional 
positions of up to four sensors with respect to an electromagnetic transmitter (f). Real time 
monitoring and feedback is displayed. Auditory stimuli are delivered via headphones. 
Computerized foot-pedals (g) allow quick access to software functions.  
 

 

Figure 2. Data collected from a representative trial from the instrumented pull test. Vertical 
dashed lines indicate markers on the time axis. Onset of pull occurs at t0 with subsequent 
onset of trunk displacement at t1. Positive truncal displacement indicates backward 
movement. The auditory stimulus begins at the falling edge of the sound trigger, within 
21 ± 6 ms of peak pull force. Onset of trunk deceleration at t2 occurs at reversal of peak trunk 
velocity. The postural response, i.e. truncal reaction time, is defined as the difference between 
t2 and t1. 
 
 
 
 
Figure 3. Raw data (postural response task) from a participant demonstrating single trials 
associated with the first pull (first trial), normal stimulus at 90 dB (normal) and loud auditory 
stimulus at 116 dB (LAS). StartReact is demonstrated by quicker reaction times in trunk 
velocity to the first trial and LAS compared with the normal auditory stimulus. Response 
magnitude to the postural task is derived from trunk acceleration. The largest response 
magnitude is demonstrated in the LAS trial, as indicated by the peak of the acceleration 
curve. 
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TABLES 

 
 
 Trunk Reaction Time Trunk Response Magnitude 

Trial  Type 
Comparison 

Mean 𝚫  
(ms) 95% CI p-value Mean 𝚫 

(mm.s-2) 95% CI p-value 

First vs. Normal -6.0 -31.1, 19.0 0.692 162 -412, 737 0.497 
First vs. Loud 4.2 -21.2, 29.6 0.692 -425 -1008, 158 0.120 

Normal vs. Loud 10.2 3.0, 17.5  0.002 -588 -750, -425 < 0.001 
 
Table 1. Mean differences (Δ) between the first pull test trial and subsequent trials with 90 
dB (normal) or 116 dB (loud) auditory stimuli for trunk reaction time and response 
magnitude. 
 
 
 
 Step Reaction Time Step Response Magnitude 

Trial  Type 
Comparison 

Mean 𝚫  
(ms) 95% CI p-value Mean 𝚫 

(mm.s-2) 95% CI p-value 

First vs. Normal 36.9 4.7, 69.2 0.009 60 17,  103 0.002 
First vs. Loud 46.1 13.1, 79.2 0.002 53 9, 97 0.005 

Normal vs. Loud 9.2 -3.1, 21.5 0.072 -7 -23, 9 0.315 
 
Table 2. Mean differences (Δ) between the first pull test trial and subsequent trials with 90 
dB (normal) or 116 dB (loud) auditory stimuli for step reaction time and response magnitude. 
 
 
 
 Trunk Reaction Time Trunk Response Magnitude 
Predictor Estimate 95% CI p-value Estimate 95% CI p-value 

Peak Force 0.36 0.22, 0.51 < 0.001 0.98 -2.95, 4.91 0.623 
Force Rate -0.01 -0.03, 0.00 0.062 -0.12 -0.47, 0.22 0.486 

Height 45.97 -31.16, 123.11 0.233 -708.94 -3362.70, 1944.82 0.587 
Weight -0.17 -0.75, 0.42 0.566 2.08 -18.04, 22.19 0.834 

 
Table 3. Coefficient estimates, 95% confidence intervals (CI), and statistical significance of 
instrumented pull test predictors resulting from linear mixed models for truncal response. 
 
 
 
 Step Reaction Time Step Response Magnitude 
Predictor Estimate 95% CI p-value Estimate 95% CI p-value 

Peak Force -0.12 -0.44, 0.19 0.436 1.02 0.55, 1.49 < 0.001 
Force Rate -0.01 -0.04, 0.02 0.575 0.01 -0.03, 0.06 0.528 

Height -64.65 -283.98, 154.69 0.542 240.26 -797.51, 1278.03 0.629 
Weight 2.37 0.72, 4.03 0.008 -2.51 -10.56, 5.55 0.518 

 
Table 4. Coefficient estimates, 95% confidence intervals (CI), and statistical significance of 
instrumented pull test predictors resulting from linear mixed models for step response. 
 


