
Washington University School of Medicine
Digital Commons@Becker

ICTS Faculty Publications Institute of Clinical and Translational Sciences

2009

A kinematic and electromyographic analysis of
turning in people with Parkinson disease
Minna Hong
Washington University School of Medicine in St. Louis

Joel S. Perlmutter
Washington University School of Medicine in St. Louis

Gammon M. Earhart
Washington University School of Medicine in St. Louis

Follow this and additional works at: http://digitalcommons.wustl.edu/icts_facpubs

Part of the Medicine and Health Sciences Commons

This Article is brought to you for free and open access by the Institute of Clinical and Translational Sciences at Digital Commons@Becker. It has been
accepted for inclusion in ICTS Faculty Publications by an authorized administrator of Digital Commons@Becker. For more information, please
contact engeszer@wustl.edu.

Recommended Citation
Hong, Minna; Perlmutter, Joel S.; and Earhart, Gammon M., "A kinematic and electromyographic analysis of turning in people with
Parkinson disease". Neurorehabilitation and Neural Repair, 23, 2, 166-176. 2009. Paper 39.
http://digitalcommons.wustl.edu/icts_facpubs/39

http://digitalcommons.wustl.edu?utm_source=digitalcommons.wustl.edu%2Ficts_facpubs%2F39&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wustl.edu/icts_facpubs?utm_source=digitalcommons.wustl.edu%2Ficts_facpubs%2F39&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wustl.edu/icts?utm_source=digitalcommons.wustl.edu%2Ficts_facpubs%2F39&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wustl.edu/icts_facpubs?utm_source=digitalcommons.wustl.edu%2Ficts_facpubs%2F39&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/648?utm_source=digitalcommons.wustl.edu%2Ficts_facpubs%2F39&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.wustl.edu/icts_facpubs/39
mailto:engeszer@wustl.edu


 

A Kinematic and Electromyographic Analysis of Turning  

in People With Parkinson Disease 

 

Minna Hong1,2,3, Joel S. Perlmutter1,2,3,4,5, Gammon M. Earhart1,2,3,4 
 
  
 
1 Movement Science Program 
2 Program in Physical Therapy 
3 Neurology 
4 Anatomy and Neurobiology 
5 Radiology, Washington University School of Medicine, St. Louis, MO 63108 
 
 
 
 
 
Running Head: Turning in Controls and PD 
Number of Pages: 22 
Number of Figures: 8 
Number of Tables: 3 
Text: 3758 words 
Abstract: 246 words 
 
 
 
 
 
 
 
Corresponding Author: 
Gammon M. Earhart, PhD, PT 
Washington University 
School of Medicine 
Program in Physical Therapy 
4444 Forest Park Blvd. 
Campus Box 8502 
St. Louis, MO 63108 
(314) 286-1425 
(314) 286-1410 (FAX) 
email: earhartg@msnotes.wustl.edu 



ABSTRACT 

Background. Parkinson disease (PD) frequently causes difficulty turning that can lead to 

falls, loss of independence and diminished quality of life.  Turning in tight spaces, which 

may be particularly impaired in PD, is an essential part of our daily lives, yet a 

comprehensive analysis of in-place turning has not been published.  Objective. The 

purpose of this study was to determine whether there are objective differences in turning 

between people with PD and unimpaired people.  Methods. We characterized turning in-

place with kinematics and electromyographic (EMG) measures in 11 subjects with PD 

and 12 healthy people.  We recorded kinematic data using a 3-D motion capture system 

in synchrony with EMG data from lower extremity muscles as participants turned 180 

degrees.  Those with PD were tested after overnight withdrawal of medication.  Results. 

Both groups used two distinct turning strategies.  In one, the foot ipsilateral to the turning 

direction initiated the turn and in the other, the foot contralateral to the turning direction 

initiated the turn.  Kinematic analysis demonstrated a cranio-caudal sequence of turning 

in the unimpaired group, whereas those with PD had a simultaneous onset of yaw rotation 

of the head, trunk, and pelvis.  Thoses with PD also took longer time and more steps to 

complete turns.  Overall lower extremity muscle activation patterns appeared similar 

between groups.  Conclusion. Differences between the groups were noted for axial 

control but lower extremity muscle patterns were similar.  This work provides the 

foundation for development of new treatments for difficulty turning in PD.   

 

Keywords: turning, Parkinson disease, EMG, kinematics 



INTRODUCTION 

 A high percentage (52-62%) of patients with PD report turning difficulties1-3 that 

are associated with increased risk for falls.1,2,4-7  Turning difficulties in people with PD 

are also associated with freezing, a sudden interruption of ongoing movement.4,8-10  Given 

that: 1) people with PD have a nine-fold increased risk of sustaining recurrent falls than 

unimpaired people,  2) average survival is reduced to approximately 7 years once 

recurrent falls are present11, 3) people with PD are 3.2 times more susceptible to hip 

fractures than those without PD12, 4) falls during turning are eight times more likely to 

result in hip fractures compared to falls during straight-line walking13, 5) 25% of patients 

with PD develop a hip fracture within 10 years of being diagnosed14 and 6) healthcare 

cost to treat hip fractures in PD are reaching $ 192 million per year12,15, more efforts need 

to be made to better understand normal and abnormal patterns of turning so we can 

address turning difficulties in PD.   

 Healthy young and older people engage a cranio-caudal sequence of movements 

to turn while walking, with head rotation leading trunk then pelvis rotation in the yaw 

plane to reorient the body towards a new direction.16,17  The specific patterns of muscle 

activation that underlie turning remain unclear with only a single study reporting subtle 

modifications of muscle activation patterns during turning compared to straight 

walking.18    

Several studies of people with PD have examined kinematics of turning during 

walking19-21, turning in-place, or turning during everyday tasks.3,22  People with PD lack 

the normal cranio-caudal turning sequence with decreased intersegmental movement that 

produces the “en bloc” turn.19,20  People with PD also lack heel strike3,22, have lower 



trunk angular velocities21, take longer to turn21, have a narrower base of support19, and 

take more steps compared to unimpaired people.3,19,20  No study has examined muscle 

activity patterns associated with turning in PD and the studies described previously all 

evaluated participants when “on” medication.  Controlling the effect of medication is 

crucial since medication can mask disease symptoms.  Observations made with subjects 

on medications are thus confounded, as it is not clear whether observed effects or lack of 

effects is attributable to the disease process, to medications, or to a combination of the 

two.In addition, testing on medications introduced unwanted variability because each 

individual takes different medications in different combinations and different dosages. 

The purpose of this study was to examine, using kinematics and electromyography 

(EMG), in-place turning in people with PD evaluated off medications compared to 

unimpaired people.  

 

METHODS 

Subjects 

 We recruited 12 unimpaired people (mean age + SD; 72 +10 years) and 11 people 

diagnosed with PD (67 +7 years) with standard clinical criteria23 from the Movement 

Disorders Center at Washington University School of Medicine.  People with PD were all 

recruited from the Center to ensure they were accurately diagnosed with idiopathic PD.  

The first twelve people with PD that agreed to participate over the telephone were 

brought in for testing.  People with PD were tested after overnight withdrawal of PD 

medications.  Table 1 lists demographic details for the PD group.  The Hoehn & Yahr 

scale24 rates the patients on a scale of 0 to 5 with higher scores representing more 



substantial disease.  The patients that participated in the study were Hoehn & Yahr stages 

II and III, indicating that they were mildly to moderately impaired.  The UPDRS subscale 

III motor rating consists of 14 items and has a maximum score of 56 with higher scores 

indicating more impaired motor function.  All unimpaired people were screened for 

history or symptoms of neurological diseases.  Participants provided written informed 

consent, and these studies were approved by the Human Research Protection Office at 

Washington University School of Medicine (protocol 04-0716). 

 

Protocol 

 Hoehn & Yahr and UPDRS subscale III motor ratings were performed on all 

people with PD at the beginning of the study.  Each person stood in the middle of the 

room and was instructed to turn 180 degrees to the left and to the right, five times in each 

direction, in random order.  Turns of 180 degrees were selected because they are used in 

everyday activities and can be consistently elicited from participants without  providing 

an external cue to indicate desired turn amplitude.  (Unpublished pilot work from our 

laboratory examining turns of different amplitudes ranging from 45 to 180 degrees 

suggested that many people with and without PD do not estimate turn amplitudes well but 

could consistently produce turns of 180 degrees.)  The instructions given were “turn and 

face the wall behind you whenever you are ready”.  No instructions were given as to how 

to turn or which foot to move first.  They were asked to turn five times for each direction 

so that we could average across trials to obtain representative data for each person. The 

randomization of turn direction was employed to prevent participants from being able to 

predict turn direction from one trial to the next.  We used an eight camera 3-D motion 



capture system (Motion Analysis Corporation, Santa Rosa, CA) to record kinematic data.  

Thirty-three reflective markers were placed on each participant; four on the head (top of 

the head, left ear, right ear and head offset), five on the trunk (left and right acromions, 

right scapula, 12th vertebra of the thorax and sternal notch), four on the pelvis (left and 

right anterior superior iliac spines, left posterior superior iliac spine and sacrum) and ten 

on each leg (greater trochanter, anterior thigh, femoral condyle, fibular head, middle tibia, 

lateral malleolus, calcaneus, navicular, 5th metatarsal head and the great toe).  Surface 

EMG data were recorded using a telemetered system (Konigsberg Instruments, Inc., 

Pasadena, CA).  We recorded bilaterally from muscles of the lower extremities (tibialis 

anterior (Tib), medial head of gastrocnemius (Gas), biceps femoris (Ham), vastus lateralis 

(Quad), tensor fascia lata (TFL), and gluteus maximus (Glut)) using bipolar surface 

electrodes.  The margin of error for the 3-D motion capture system is within 1 mm and 

the EMG data were collected using the 3-D motion capture system and wereprecisely 

synchronized to ensure minimal and consistent timing error (less than 10 ms) with respect 

to movement.  Kinematic and EMG data were synchronously sampled at 100 Hz and 

1000 Hz, respectively. 

 

Analysis 

The key independent variables of interests were yaw rotation onset times for the 

head, trunk, and pelvis as well as the amplitudes of relative yaw rotation angles between 

the different segments and EMG onset times.  The independent variables were group (PD 

vs. unimpaired) and turn strategy (matched and unmatched). 



Since people took different number of steps to perform the tasks, only data from 

the first stride were analyzed to ensure comparison of equivalent regions of the turns.  All 

onset and offset times were expressed as a percentage of the gait cycle allowing 

normalization of the data without having to control for speed of turning and thereby 

alterting natural performance of the task.  This was our method of choice, as it has been 

reported that turning speed does not alter turn kinematics. 25  DataPac 2K2 (Run 

Technologies, Mission Viejo, CA) was used to identify turn onsets.  All signals were 

digitally low-pass filtered at 20Hz (4th order, zero-lag Butterworth filter).  Turn onsets 

were automatically identified using the vertical coordinate of the toe markers via a 

threshold criterion method.  After placing an event at a threshold of 10 mm, the first 

derivative of the toe marker in the vertical coordinate was determined and the onset event 

repositioned to the time just prior to the threshold when the rate of change increased from 

zero.  Each marked onset was visually confirmed.  Kintrak (Motion Analysis Corporation, 

Santa Rosa, CA) was used for kinematic analysis to determine: 1) yaw rotation onset 

times of the head, trunk and pelvis, normalized to the first stride 2) absolute amplitude of 

angular rotation for each segment in the yaw plane, and 3) amplitude of relative rotation 

angles between the different segments.  EMG signals were root mean square averaged 

with a time constant of 10 ms in DataPac 2K2.  Burst onsets and offsets were defined at a 

threshold of three standard deviations above baseline and were visually confirmed.  

Bursts that began up to 500 ms prior to turn onset were included in the analysis.  All burst 

onsets and offsets were normalized to the first stride of the turn. 

SigmaStat (Systat Software Inc, Richmond, CA) was used to perform all 

statistical tests.  Two-way ANOVAs were performed for all data that were normally 



distributed and Mann-Whitney Rank Sum tests for data that were not normally distributed 

in testing for differences.  Therefore, to test for differences between groups in yaw 

rotation onset times of the head, trunk and pelvis, we used a two-way ANOVA.  Two-

way ANOVAs were also used to test for differences between groups in amplitude of 

absolute yaw rotation angle during the first stride for different segments as well as 

amplitudes of relative rotation angles between different segments.  We performed two-

way ANOVAs to test for differences in onset and offset times of different muscles among 

four different turning strategies within groups.  As there were no significant differences 

within a strategy for turns to the right vs. the left, we were able to lump turns of different 

directions but same strategy.  This reduced the number of overall strategies from four to 

two.  Then we tested for differences in onset and offset times of different muscles 

between groups, within a turning strategy, using two-way ANOVAs.  Mann-Whitney 

Rank Sum tests were used to test for differences in turn duration and number of steps it 

took to turn between the two groups.  Level of significance was set at p ≤ 0.05 for all 

tests. 

 

Power Analysis 

Power analyses were conducted using a modest effect size of 0.4, which would 

allow us to detect a 10% difference between groups.  Analyses conducted for yaw 

rotation onset times indicated a power of 0.85 to detect a main effect of group, 0.83 to 

detect a main effect of segment, and 0.76 to detect an interaction of group with segment 

given 11 subjects per group.  Analyses conducted for EMG onset times indicated a power 



of  0.95 to detect a main effect of group, 0.84 to detect a main effect of muscle, and 0.77 

to detect a group by muscle interaction given 11 subjects per group. 

 

RESULTS 

Prevalence of different turning strategies 

Four different strategies were noted when executing a 180 degree turn: 1) leftward 

turns starting with the left foot (L start L), 2) rightward turns starting with the right foot 

(R start R), 3) leftward turns starting with the right foot (L start R), and 4) rightward turns 

starting with the left foot (R start L).  From here on, we will refer to the former two 

strategies collectively as the “Matched Strategy” and the latter two as the “Unmatched 

Strategy.”  The distributions of strategies were almost identical for the PD and 

unimpaired groups (Figure 1).  

There were no differences in kinematic measures between the Matched and 

Unmatched Strategies, so kinematic data from all strategies were lumped for further 

analysis.  There were differences in EMG patterns between the Matched and Unmatched 

Strategies, so EMG data were analyzed separately for the two distinct strategies. 

 

Yaw rotation onset kinematics 

 Figure 2 shows kinematic plots of transverse plane angles in the lab coordinate 

system for different segments for an unimpaired person (A) and a person with PD (B) as 

they turned 180 degrees.  In the unimpaired person the cranio-caudal sequence of 

movement is evident, whereas in the person with PD, it is difficult to distinguish the 

order in which the different segments started turning.  These plots also reveal that the 



person with PD took more steps and much longer time to complete the turn.  The 

normalized onsets of yaw plane rotation of the head, trunk and pelvis were significantly 

different between the groups (p=0.05, Figure 3).  In the unimpaired group, head onset 

was significantly earlier than the pelvis onset (p<0.05).  Although we did not find 

statistically significant differences between head and trunk onsets or between trunk and 

pelvis onsets, the group means reflect the top down, sequential order in the control but 

not the PD group.  In the PD group, comparison of all three segments did not reveal any 

significant differences.   

 

Amplitude of yaw rotation angles 

 The amplitude of yaw rotation at the head, trunk, pelvis, and foot were 

significantly different between the two groups (p<0.001) (Figure 4).  The group with PD 

also demonstrated a tendency to rotate less intersegmentally (Table 2).  Head rotation 

relative to pelvis was statistically different between the two groups (p=0.027).   

 

Turn duration and number of steps to turn 

The time and number of steps people took to complete the turns were significantly 

different between the two groups (p=0.001 and p<0.001, respectively).  The PD group 

required more than twice as long and more than twice the number of steps to execute 180 

degree turns (Table 3).   

 

Muscle activation patterns in the unimpaired group 



  Figure 5 illustrates rectified EMG data when turning to the right for a single 

person.  Figure 5A exemplifies muscle activity patterns during a R start R turn and 5B 

exemplifies a R start L turn.  Figure 6 illustrates all four turning strategies, normalized to 

the first stride, in the unimpaired group.  Visual inspection reveals that the L start L (6A) 

and R start R (6C) turns look alike and the L start R (6B) and R start L (6D) turns are also 

similar.  As expected, there were no statistical differences in muscle activation patterns 

between the two similar strategies.  Therefore, we collapsed the two Matched Strategies 

(L start L and R start R strategies) as well as the Unmatched Strategies (L start R and R 

start L strategies). 

 Matched Strategies were characterized by early bursts in contralateral gluteus 

maximus, tensor fascia lata, vastus lateralis and gastrocnemius as well as ipsilateral 

biceps femoris and tibialis anterior.  These same muscles had a second burst later in the 

cycle.  There were mid-cycle bursts in contralateral biceps femoris and tibialis anterior as 

well as ipsilateral gluteus maximus, tensor fascia lata, vastus lateralis, and gastrocnemius.  

These muscles displayed only a single burst in the gait cycle. 

 Like the Matched Strategies, Unmatched Strategies were characterized by early 

bursts in contralateral tensor fascia lata, vastus lateralis, and gastrocnemius as well as 

ipsilateral tibialis anterior.  These same muscles had a second burst later in the cycle.  

Also like the Matched Strategy, there were mid-cycle bursts in contralateral biceps 

femoris and tibialis anterior as well as ipsilateral gluteus maximus, tensor fascia lata, 

vastus lateralis, and gastrocnemius.  In addition, there was a mid-cycle burst in the 

ipsilateral biceps femoris.  The most apparent difference between the Matched and 

Unmatched strategies was that the contralateral gluteus maximus and ipsilateral biceps 



femoris muscles had two bursts in the Matched Strategy and only one burst in the 

Unmatched Strategy. 

 

Muscle activation patterns in PD 

 Figure 7A exemplifies rectified EMG patterns during a L start L turn and 7B 

exemplifies a L start R turn for a person with PD.  As was the case in the unimpaired 

group, we did not find any statistical differences in muscle activation patterns between 

the two Matched Strategies and the two Unmatched Strategies in the PD group.  

Therefore, we again combined the two similar strategies.  Figure 8 illustrates normalized 

EMG patterns for the Matched (A, C) and Unmatched Strategies (B, D) for the 

unimpaired and the PD groups.  In these figures, the ipsilateral (I) muscles correspond to 

the muscles on the same side as the starting foot, regardless of the type of strategy used, 

and contralateral (C) muscles to the other side.  Statistical tests revealed no significant 

differences between the groups for the Matched Strategy.  However, for the Unmatched 

Strategy the onset times for the first burst of the contralateral tibialis anterior (p<0.001), 

contralateral biceps femoris (p=0.03), and ipsilateral biceps femoris (p<0.001) as well as 

the offset times for the contralateral tibialis anterior (p=0.002), ipsilateral tibialis anterior 

(p=0.045), and ipsilateral tensor fascia lata (p=0.002) were significantly different 

between the PD and unimpaired groups.  Compared to the unimpaired group, the 

contralateral tibialis anterior was activated earlier and deactivated earlier, the ipsilateral 

tibialis anterior deactivated earlier, the contralateral biceps femoris activated later, the 

ipsilateral biceps femoris activated earlier, and the ipsilateral tensor fascia lata had longer 

sustained activity in the PD group.   



 

DISCUSSION 

 This investigation examined in-place 180 degree turns in healthy unimpaired 

people and people with PD to quantify the turning strategies used by each group.  While 

differences between the groups were noted for axial control, lower extremity patterns 

were similar. 

 

Turning strategies 

 Both groups demonstrated two different turning strategies.  People either started 

with the foot ipsilateral to the turning direction (Matched) or with the opposite foot 

(Unmatched).  Although we anticipated that most people would start turning with the 

ipsilateral foot (Matched), both groups were slightly more likely to employ the 

Unmatched Strategy than the Matched.  Our results agree with those of Meinhart-Shibata 

et al.26 who reported that older women used the Unmatched Strategy 65% of the time 

when turning.  They suggested that the Unmatched Strategy provided a precautionary 

strategy for turning that was safer due to reduced angle of lower extremity external 

rotation required for subsequent steps, producing a larger anterior/posterior dimension of 

the base of support compared to the Matched Strategy.  Both groups used the same 

proportions of each strategy suggesting that the presence of the Unmatched Strategy may 

be an effect of aging.  If it were a precautionary strategy, we would expect to observe it 

more in the group with PD and less in the unimpaired group.  As this was not observed, 

we speculate that it may be a natural phenomenon to use both Matched and Unmatched 

Strategies interchangeably, just as one can initiate walking with the right or the left foot. 



 

Kinematic analysis 

 Our results on yaw rotation onset of the head, trunk and pelvis reflect the cranio-

caudal sequence of turning in the unimpaired group but not the PD group.  These findings 

agree with other studies of unimpaired people16,17 and people with PD.20  People with PD 

also rotated less at the head, trunk, pelvis, and foot during the first stride of the turns.  

This was associated with longer time to turn and more steps to complete the turns than 

the unimpaired group.  Other investigators have reported similar findings.19-21  Finally, 

we noted decreased relative rotation between segments during turning in the PD group.  

To our knowledge, this is the first quantification of en bloc turning in PD.   

 

EMG analysis 

 This is the first study to demonstrate muscle activation patterns in the lower 

extremities during in-place 180 degree turns in unimpaired and people with PD.  When 

comparing across turning strategies, the Matched Strategy produced two bursts in the 

ipsilateral biceps femoris and contralateral gluteus maximus muscles and the Unmatched 

strategy produced only one burst in each.  Both of these extra bursts were near the 

beginning of the turn, possibly indicating that the Matched Strategy is indeed more 

difficult than the Unmatched and requires more stabilization via cocontraction to take the 

first step of the turn.   

The overall EMG patterns for the two groups were generally similar within 

turning strategies.  One feature of note is the increased variability in the PD group, a 

feature known to be associated with medication withdrawal.19  Between-group differences 



in a few muscle onsets (the first burst of the contralateral tibialis anterior, contralateral 

biceps femoris, and ipsilateral biceps femoris) and offsets (the contralateral tibialis 

anterior, ipsilateral tibialis anterior, and ipsilateral tensor fascia lata) were only present in 

the Unmatched Strategy and not in the Matched.   

Despite the overall similarities of lower extremity EMG patterns between the two 

groups, kinematic data from the axial segments appear quite different.  This is in line 

with earlier reports of Morris et al., suggesting that PD affects the ability to scale 

movements but basic movement forms remain intact.27  Our results suggest that turning 

difficulties in PD stem primarily from deficits in axial control, leaving the lower 

extremities relatively unaffected, at least at the moderate stage of the disease examined in 

this study.  We did not collect EMG data from axial muscles, and axial rigidity may be a 

contributing factor to turning difficulties in PD.28,29  Nagumo and Hirayama28 reported 

that people with PD exhibited continuous electrical activity in axial muscles when the 

trunk was passively rotated, a finding not present in unimpaired people.  EMG data from 

axial musculature may have revealed differences between the two groups and should be 

included in future studies.   

We describe basic kinematic and muscle activation patterns associated with in-

place 180 degree turning in unimpaired and in people with PD.  This is an important task 

to examine because people with PD most commonly fall in familiar settings, like their 

homes, while engaging in everyday household chores.7  A minimum of two turns per 10 

steps are required to carry out common daily activities.30  Examples of performing 180 

degree turns include entering a public restroom stall and having to turn around before 

sitting down or taking something out of a refrigerator and turning to place it on the 



counter directly opposite. In addition to its functional relevance, the task of turning in-

place lends itself well to use in the laboratory.  Turning in-place can be readily assessed, 

as in-place turns have a clear beginning and end in contrast to turns made during walking.  

Turns of 180 degrees in particular can also be consistently produced from trial to trial 

without the need for external cues to signal desired turn amplitude.  Quantification of 

turning in-place may provide a biomarker of risk of falling and as such could provide a 

key link from a laboratory-based measure to an important clinical endpoint.  Of course, 

this link remains to be substantiated.  The data obtained from this investigation also may 

provide the basis for further evaluation of mechanisms of turning that can help devise 

appropriate adaptive strategies to alleviate functional disabilities in real-life situations.  

Examples may include maneuvering an object in the hands or having a conversation 

while performing in-place turning.  Previous research has shown that dual tasking 

adversely affects motor performance in people with PD.31-35  Such tasks may accentuate 

turning difficulties and allow us to definitively identify which factors contribute to 

turning difficulties in people with PD. 
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Figure legends 
 
Figure 1. Distribution of different turning strategies used for PD and unimpaired groups. 
 
Figure 2. Plots of yaw plane angles in the lab coordinate system, of different segments for 
an unimpaired person (A) and a person with PD (B) as they performed a 180 degree turn. 
 
Figure 3. Normalized onsets of rotation in the yaw plane of the head, trunk and pelvis for 
unimpaired and PD groups.  Asterisk indicates a statistically significant difference 
between head onset and pelvis onset in the unimpaired group (p<0.05).  
 
Figure 4. Comparison of amplitude of absolute yaw rotation angles for the head, trunk, 
pelvis, and starting foot for unimpaired and PD groups.  Asterisks indicate statistically 
significant differences between the two group (all p<0.001). 
 
Figure 5. Illustration of rectified EMG data for rightward turns in an unimpaired person.  
(A) exemplifies muscle activity patterns during a R start R turn and (B) exemplifies a R 
start L turn.  The two vertical lines denote the beginning and end of the stride. 
 
Figure 6. Illustration of all four turning strategies, normalized to the first stride, in the 
unimpaired group. 
 
Figure 7. Illustration of rectified EMG data for leftward turns in a person with PD.  (A) 
exemplifies muscle activity patterns during a L start L turn and (B) exemplifies a L start 
R turn.  The two vertical lines denote the beginning and end of the stride. 
 
Figure 8. Illustration of Matched and Unmatched Strategies for unimpaired and PD group.  
Muscles are labeled I (ipsilateral) or C (contralateral) relative to the direction of the turns.  
Asterisks indicate statistically significant differences in onset and offset of muscles 
between the two groups (p<0.05). 



 

  TABLE 1:  Subject Demographics            

       Time Since  
UPDRS* 

Total   

 Subject  Age  Gender  

PD 
Diagnosis  

Motor 
Subscore   

          (years)  Subscore   

            

 PD1  76  M  8  46.5    

 PD2  78  M  2  22.0    

 PD3  60  M  8  51.0    

 PD4  68  F  3  21.5    

 PD5  66  M  8  26.0    

 PD6  74  M  6  31.5    

 PD7  57  M  8  39.0    

 PD8  66  M  4  30.5    

 PD9  63  M  21  36.5    

 PD10  71  F  10  48.0    

 PD11  58  M  6  31.0    

                       

 *UPDRS scores were obtained with subjects off medications. Items are rated on a   

  scale of 0-4: 0 = absent, 1 = slight, 2 = mild to moderate, 3 = marked, 4 = severe.   

            

            

            

            

            

            

            

 



 

  Table 2. Average (± SE) yaw rotation angles     

   Unimpaired  PD    

 Head rel. Trunk  14.33 ± 2.08  11.12 ± 1.91    

 Trunk rel. Pelvis  7.92 ± 1.18  4.41 ± 0.41    

  Head rel. Pelvis *   18.59 ± 2.25   12.91 ± 1.99     

 * Significantly different between the groups, p=0.027    

 



 
              

  Table 3. Comparison of turning time and steps to turn        

   Unimpaired  PD  p       

 
Turn duration 
(sec)  3.37 ± 0.26  9.28 ± 2.72  0.001       

  Number of Steps   5.05 ± 0.29   

13.02 ± 

2.86   < 0.001        

              
 Values reported are means ± SE.             

 p values are from Mann-Whitney Rank Sum Test comparing unimpaired vs. PD group.     
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