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ABSTRACT

Most whiplash injuries are sustained in isolated rear-end collisions which occur without
warning. Most studies of whiplash injury, however, have used multiple tests of subjects aware of the
imminent perturbation. This thesis examined how multiple exposures and subject awareness of the
presence, timing and amplitude of a whiplash-like perturbation affected the activation and amplitude
of the neck muscle response and the peak kinematic response of the head and torso. In Experiment 1,
the malleability of neck muscle reflexes was examined in 20 subjects (9F, 11M) who performed
ballistic flexion and rotation head movements in a warned, simple reaction-time protocol. When a
loud startling sound (124 dB) replaced the ‘go’ tone (76 dB), a hypermetric version of the reaction-
time movement was evoked at the startle reflex onset latency. This result indicated that a reflex neck
muscle response could be altered by mental preparation of a movement. In Experiment 2, 66 seated
subjects (35F, 31M) underwent multiple perturbations with a peak forward acceleration of 1.5g. To
their first perturbation, subjects who were deceived and unexpectedly perturbed responded differently
than subjects given either exact or inexact information regarding perturbation timing. Advance
warning of the perturbation appeared to produce anticipatory facilitation of the sensorimotor system
mediating the reflex response. Subjects exposed to ten more perturbations exhibited a rapid
habituation of their muscle response and complex changes in their kinematic response. Thirty-six of
the 66 subjects (20F, 16M) then underwent 72 more perturbations interspersed with high (2.2g) or
low (0.8g) acceleration perturbations. Response differences were not observed between warned and
unwarned presentation of these different perturbations, which suggested that advance knowledge of
acceleration amplitude did not affect subject responses. The remaining 30 subjects (15F, 15M) were
exposed to seven different perturbations which showed that neck muscle and kinematic responses
were graded to both perturbation acceleration and velocity. These experiments demonstrated that
subject awareness of an imminent perturbation and habituation of the muscle response to multiple
perturbations produced complex changes in the kinematic response, and suggested that neck muscle
and kinematic responses of unprepared occupants in real whiplash collisions were different than

human subject responses observed in most whiplash injury studies.



iii

TABLE OF CONTENTS
F N o114 2 ot OO SRR OO PRR IO ii
Table of CONENtS ......ceovvuierieiieiieeeeeeeeer e e ettt et e et e iii
LSt Of TABIES 1.evreeireeriee ettt sttt st sttt et e s st een vii
LIS OF FAZUIES - ettt ettt sttt ettt ettt eabe s eesat e e e e bt et e e besmee bt anbesbeeaseseeeatenateennenseas X
CONTIDULON OF the AULROT.......c.veverveee oo es s seeeeeeeseess e ee e sseseeseesees e eeseees oo semseoeseessenesenns xiv
S (=) €211 T TS O RURPORP XV
Acknowledgements........cc.coerveieieriencieiceeeeeee et se e XVvi
CHAPTER 1 INEOQUCTION .....ciuiiiieiieie ettt ettt e ss e e ee b et e st sse e be st s bt st e smeebenaeesenenaees 1
1.1 An Overview of Whiplash Injury and Biomechanics ........cc.cocccevnrnninniiccninnicccccecneen 1
1.2 Cervical MUSCle RESPONSE ......eecmiiiiiiiiiiiitctt et sttt et st e 2
1.3 OVEIAll GOAL....coiiiiiieiiieei ettt eer e e srn e s e s s r e e e mee s semaresnraessemeneenn 5
1.4 Development of the EXPEriments. ........ccccovvriieriierniiinitieiteit e tce ettt er et e 5
1.4.1 Experiment 1 — Malleability of a Neck Muscle Reflex ...........ccccoevieiinnininniniiennne 5
1.4.2 Experiment 2 — Perturbation Studies .........ccoccoeeviiiieiiiiicn e 7
1.5 Testable HYPOthEses ......cccccveviiiiiiiiiiiiiiii e e 9
1.5.1 EXPEriment L......cooccioiiiiiiii et 9
1.5.2 EXPETIMENIE 2...cuuiiiiiiiiiiieiiie ittt ettt e ee s s sttt seas st aeee s e e e s nne e 9
1.6 Statement Of ELhIiCS ....cooiiiiiiiiiii ettt s et 10
CHAPTER 2 Malleability of Neck Muscle RefIEXES.........ccccevevererrierrirnereirieeneeseessessssssssnsssssnssseseres 11
P22 B (0L o Te 11 T34 o ) o F SR rrrreerer—————— 11
2.2 MEtNOAS. .. vetieerreiriiee ettt et ee et s et e e er e et r et s s e r e e e e s rae e st et s e n e s s e e e e nen e s araeas 12
22,1 SUDJEOLS. ..ttt ettt et et e et re e re s 12
2.2.2  INSEAUMENEATION ..coueiiiiieieeiiiet ettt ettt et s et e e b s e e sanesabenennesmbesseeesannes 12
2.2.3 TSt PrOCEAUIES. ..ccoiuiiiiiieeiiieie ettt et ceer e s r e semen e sab e e s meenesnnes 12
224 Datd REAUCHION .....coviieiiiiiiiieciiec ettt et b e st st eere e st b e 13
2.2.5  Statistical ANALYSIS «..oecirriiirieriir et et 15
2.3 RESUILS ittt ettt e e ste e e sebet s et e e s reee s be e s e e s renesare e s maeeenas 16
2.3.1 Kinematic Response.................. e e e e e eeseseeseas et eeeeeseereee 16
2.3.2 EMG TAIUNEZ e veetiererteestenienteste st et e st e e ssesseetssanesseeseseseeaseesesanesanenesaneensssmeesreeanes 19
2.3.3 EMG AMPLILUAE ..ottt ettt et ennas 19

2.3.4  HADITUALION ...oiveiiiiiee et e ettt s e ettt e e s e s es e e s e s et sasseseeesasasan s esesesssnannasesnes 23



v

2.8 DHSCUSSION 1o eee e s s es s s e e eeeeseeeseseseess e eeeese e sesesesees e s s sesaeeeseeeseeeeeeeseeae 23
| 2.4.1 MUSCIE RESPOTISE ..ccuieuiiriiiiieiiiieeeiit e bttt sn e e s e e s sne e 25
2.4.2 Kinematic RESPONSE .....cccoiiiiiiiiiiiiiiii i s 27
2.4.3 HabitUAtION ...cocceiiiieiieiene ettt et n e sr s st e 28

2.5 Brid@ing SUMMATY ......ccccooiiiiiiiiiieiee ettt s vt s e 29
CHAPTER 3 Response to the First Perturbation ..., 31
3.1 INEEOAUCTION ...eeeeereeeiee s ettt ettt ettt ettt e sbt e e st s e sesetaean e ae s smenesrneessemnenesaenesmenesarneesn 31
N\ [ 3 1o s £SO OO P RUSTT 32
3201 SUDJECES ettt et r e e sn e e nanes 32
3.2.2  INSHUMENEALION ...cviviiiiniaitet e 33
3.2.3 TSt PrOCEAUIES. .. coiceiiiieniie ettt et s ettt e st e en 35
3.2.4 Data REUCHION ..oveiiiiiiiiiien ittt ettt e st e s e e sennrer e snnee e s ane 36
3.2.5 Statistical ANalySis ....coocviviiiiiiiiiiii 37

3.3 RESUIES ettt st st et st s r e s e e e e e e e e e ennees 37
3.3.1  INtAL POSTHOM. ..cotiiiiiiiir ittt ettt st e e 37
3.3.2 Kinematic RESPONSE ...cccueiriiiriiiiiiiiiirt ettt ettt 39
3.3.3  MUSCIE RESPONSE ...ttt ettt s s 43

3.4 DHSCUSSION -entieriieeeeieiceete ettt e st e st e sttt et e st et e e sttt e e e et s e bt snre s esee st e e se s e ne e et e sreesaeesanens 45
3.4.1 Comparison to Previous Studies ..........ccoovreiiiiiiiiiiiniiiciieeeeeeceee e 48

3.5 BIARING SUIMUIALY vvvrrrrrseeevereeeeesesseeesesessessseessssessssseeesesesesesssseesesse s seeeessessessseese s 50
CHAPTER 4 Response Habituation to Multiple Perturbations .............ccoceeiiiiciiciincicicicceccieeeee 51
4.1 INEFOAUCTION ....eiiiiiiieeeiee ettt ettt e ebtr e st e e ee e sbte e e teeesameeeesabeeessmenesssnessemnenesasaessnnnesenaressnenan 51
4.2 MEEROMAS. .. cnieiie ettt sttt s st es 52
B.2.1  SUDJECES e otee ettt ettt ettt e st s 52
4.2.2  Instrumentation.........co.ovirinniiiiiennonenns e e 53
4.2.3 Test PrOCEAUIES. ...cc.iiiiiiiiieiie ettt ettt sttt en e e eanes 53
4.2.4 Data REAUCHON .....ooveirvierireieieieetieiieeeeeerbar s ee e e et e e seeeeesreeseeneseseresnenesamenesaneresanns 55
4.2.5 Statistical ANALYSIS cocveeviieiiriiiieiiecteeet ettt s ne e 56

4.3 RESUILS ..ot ettt st st et e e ne st e e e e ne e e ne s e nareanes 57
4.3.1  INitial POSTHON. ...coiitiiiiiiiiieeece ettt sttt 57
4.3.2 KinematiC RESPONSE ...coocuiierieiiiiiieieeieeee ettt sttt et s 59
4.3.3 Muscle Response.......................t ................................................................................. 66
G4 DISCUSSION ..c.uveieiitieeitteeeeireseareeestaeassaeesteeessseessseaesseeesssnessseeesnsnesasssneeassessssstesssneessseesaeesanes 68

4.4.1 Implications for Whiplash In]ury ........................ 72




4.5 BridZing SUMIMATY .....coooeiiiiiieiiiete ettt sttt st r e s et e s s e sene e see e e s e essanes 74
CHAPTER 5 Awareness of Perturbation Magnitide..........c.coeoereiirieiiineeiennecrienee e ereereseesre e 76
5.1 INrOAUCTION ..ottt r et s e e ene s s ere e be s e sanesaeeaneeneen 76
5.2 MEENOAS. .. ettt sttt ettt ettt ettt e sttt e bt e bt e ettt st e sr e e be e ut et e et e seeenans 77
5.2.1 SubJeCtS..ceiiiiiiiiiicc e 77

5.2.2  INSITUMENEALION ..c..vtetirireintererer e ste e stretes e e ettt e s e eaeesaeeensessee seeserees st emeeaneesesasens 77

5.2.3  Test ProCedUIESs.......ooiiiiiiiieiiciee ettt s 78

5.2.4 Datad REAUCHON ...c.cvieriiiiiiiciieii ettt e ne e sesrees e eseer e s essemree e s e e esennenenes 81

5.2.5  Statistical ANALYSIS ..cocoviririiriiireirerteeereee ettt et eenen 82

5.3 RESUIES ittt ettt ettt e et e e et e s bt e e e va e e et e e e e bea e e s st seeaeabeeeeeaee s baearas 83
5.4 DHSCUSSION c...evvieireneinierertcecre et eerere s e st e are st ese e e s anese s e se e nesstearesmene st sentesmeseraeesn e st saesameensesntens 90
5.5 Bridging SUMIMATY ... e 93
CHAPTER 6 Gradation of Response to Perturbation Properties..........c.ccocoeverviencnncnciennniencnccnens 95
6.1 Introduction.............................: ............................................................................................... 95
0.2 MELROAS....cooieiiiiee et sre e et r e e cbe e e s e eer e e ren e s sebr e e nenesananenane 96
0.2.1  SUDJECLS. ..eeeire ittt set s e st e e ne e senesen s eaeenes 96

6.2.2 INSITUMENEAION .....cviiviiiiiiititeee ettt 97

6.2.3 Description of Perturbations .........cocvvierieriiecriine ettt 97

6.2.4  Test PrOCEAUIES.........eiiieiiiiiie ettt reie e eete e st e e scbree s meenesnnneesamenesanenanns 99

6.2.5 Data ReAUCHION ..ccoocuviiiciiiieiiie ettt e e e e s e s e s tn e e ssenesaneeas 102

6.2.6  Statistical ANALYSIS ...ccoevrieriiiiririirci et 103

0.3 RESUILS ...eiiiiiiii ettt st et bt e te e e ee e e e e e e 103
0.4 DISCUSSION ....eeeutiiririeriristeett et te e seesreeseteube et e ste s e saesateebe s et e bt aseeubesaeessbesatesaeesreebesanenseaean 110
6.4.1 Kinematic RESPONSE ......c.oeiiiiiriiriiri ettt e st e esen s 110

6.4.2 MUSCIE RESPOMSE ....oeenviiiiieicrcit ittt ettt st eb e st e e neeeneeas 112

6.4.3 Implications for Whiplash Injury........cccocooiiiiiiiiiie, et naes 115
CHAPTER 7 General Discussion and ConcluSions..........c.cccocveriririieiiiniiree e 118
7.1 Methodology — Advantages and Limitations .............ccceceueeueirveieeueiiuesenseseseesesssesss e 120
7.2 Comparison of Awareness and Stimulus Intensity Effects............cccccniniiiinniniinnn. 122

7.3 Neurophysiological Aspects of the Neck Muscle RefleX........occooveiviiiincencnncinnccncnne 123

7.4 Tmplications for Whiplash Injury Research ... 124
7.4.1 External Validity of Whiplash EXperiments...........ccccovveiieenininieecienieereeieeencene 125

7.4.2 The Aetiology of Whiplash INJUEY e 125

ST 60 ) 1163 13 (o ) 1 L J PR 126




vi

BIbDIIOZIAPRY ..ottt e e 128
APPENDIX A Detection of Movement ONSEL........c..cocvruerierieeentenrieen s e sas s s s 138
AL L INOAUCHION ..ot ieereiiieeeiee et ritr ettt rer e et et e s er e e sneeeneaeeemenesenenssmnesemmeresssnssessnreessnsaes 138
A.2 Mathematical Development ... 138
A.3 Performance of the ATZOTIthIm ........cocoiiiiiiii e 141
ALd SUMIMATY .viiiiiiiiii s st s e b s b eae s TR 143
APPENDIX B Trial Data for Habituation EXperiment...........cccoccvveniiennicnininiiiiicsnien 144

APPENDIX C Summary of Data for Perturbation Property Experiment ............cccccovvnnniiiniiiinns 154




vii

LiST OF TABLES

Table 1.1. Summary of data from previous whiplash studies in which muscle activity was
measured. Mean (S.D.) given for muscle activation times. Av, velocity change;
SCM, sternocleidomastoid muscle; PARA, cervical paraspinal muscles; M, male; F,
femnale; NR, NOt TEPOTIEA. ....cvivereriiriirie ittt 3

Table 2.1 Mean (S.D.) of head kinematics as a function of stimulus and motion direction.
Upper portion of table summarizes data as a function of motion direction (control
trials, flexion trials, rotation trials) and stimulus intensity (startle tone, reaction time
tone). Lower portion of table summarizes the results (F-statistics, df=1,19) of seven
separate 2-way repeated-measures ANOV As using motion direction and stimulus
intensity as independent variables. Control data were not used in these analyses.
Accel, acceleration; Decel, deceleration; ¢, head angular acceleration; ®, head
angular velocity; 8, head angle; max, maximum; CT, control trial; ST, startle trial;
RT, reaction time trial. ......oooiiiiiiiiiiiiii e e e e ee e et te e e e e ee e bttt senenaeees 18

Table 2.2 Mean (S.D.) of muscle activation time and normalized EMG amplitude for the
sternocleidomastoid and cervical paraspinal muscles. Upper portion of table
summarizes data as a function of muscle (SCM, PARA), side (left, right), motion
direction (control trials, flexion trials, rotation trials) and stimulus intensity (startle
tone, reaction time tone). Lower portion of table summarizes the results (F-
statistics, df=1,19) of four separate 3-way repeated-measures ANOVAs using
muscle side, motion direction and stimulus intensity as independent variables.
Control data were not used in these analyses. Each statistical result is centered
below its source data. SCM, sternocleidomastoid muscles; PARA, cervical
paraspinal muscles; L, left; R, right; CT, control trial, ST, startle trial; RT, reaction
16 )5 T30 o -1 DO U PO PPPRURRRN: 20

Table 3.1 Mean (S.D.) of subject age and physicai CharacteriStiCs. ..c..overererererirece e 33

Table 3.2 Mean (S.D.) of the initial position and angle of the head and torso. Upper portion of
table summarizes data as a function of awareness (surprised, unalerted, alerted) and
gender (male, female). Positions are relative to an origin at the seat hinge; angles
are relative to the horizontal. Lower portion of table summarizes the results (F-
statistics) of separate 2-way ANOV As using awareness and gender as independent
variables. X, horizontal position, +ve forward; Z, vertical position, +ve downward;
N, number of SubjJects in ANalYSIS. .....ccevieririe et 38

Table 3.3 Mean (S.D.) of the peak amplitude of selected kinematic data. Upper portion of table
summarizes data as a function of awareness (surprised, unalerted, alerted) and
gender (male, female). Lower portion of table summarizes the results (F-statistics)
of separate ANOV As for the effect of awareness and gender on each of the peak
responses. Individual peaks are labeled with hollow circles in Figure 3.3. N,
number of Subjects in analysis. .......cccooeiirniieiiiiec e e 41

Table 3.4 Mean (8.D.) of the time of peak amplitude of selected kinematic data. Upper portion
of table summarizes data as a function of awareness (surprised, unalerted, alerted)
and gender (male, female). Lower portion of table summarizes the results (F-




viii

statistics) of separate ANOV As for the effect of awareness and gender on each of
the peak responses. Individual peaks are labeled with hollow circles in Figure 3.3.
N, number of subjects in analysis. ........cc.cooeviviininniniens e 42

Table 3.5 Mean (8.D.) of EMG onset time, maximum RMS time, and normalized RMS
magnitude computed over the interval of retraction motion. Upper portion of table
summarizes data as a function of awareness (surprised, unalerted, alerted) and
gender (male, female). Lower portion of table summarizes the results (F-statistics)
of separate 2-way ANOV As using awareness and gender as independent variables.
RMS, root-mean square; OO, orbicularis oculi; MAS, masseter; SCM,
sternocleidomastoid; PARA, cervical paraspinal; N, number of subjects in analysis. ...... 44

Table 4.1 Mean (S.D.) of subject age and physical characteristics. .........ccoceevinvincniniinnicicenne, 53

Table 4.2 Mean (S.D.) of the initial position and angle of the head and torso. Upper portion of
table summarizes data as a function of awareness (unalerted, alerted), gender (male,
female) and trial number (1 to 11). Trial data are summarized here for the first trial
and the average of the last five trials only. Positions are relative to an origin at the
seat hinge; angles are relative to the horizontal. Lower portion of table summarizes
the results (F-statistics) of separate 3-way ANOV As using awareness, gender and
trial number as independent variables. The eleven trials were considered separately
in the ANOVA. X, horizontal position, +ve forward; Z, vertical position, +ve
downward; N, number of subjects in analysis; A, awareness; G, gender; T, trial. ............ 58

Table 4.3 Mean (S8.D.) of the amplitude of selected peaks in the kinematic data. Upper portion
of table summarizes data as a function of awareness (unalerted, alerted), gender
(male, female) and trial number (1 to 11). Trial data are summarized here for the
first trial and the average of the last five trials only. Lower portion of table
summarizes the results (F-statistics) of separate 3-way ANOV As using awareness,
gender and trial number as independent variables. The eleven trials were considered
separately in the ANOVA. Peaks are labeled with hollow circles in the left panel of
Figure 4.3. N, number of subjects in analysis; A, awareness; G, gender; T, trial.............. 63

Table 4.4 Mean (S.D.) of the time of peak amplitude in the kinematic data. Upper portion of
table summarizes data as a function of awareness (unalerted, alerted), gender (male,
female) and trial number (1 to 11). Trial data are summarized here for the first trial
and the average of the last five trials only. Lower portion of table summarizes the
results (F-statistics) of separate 3-way ANOV As using awareness, gender and trial
number as independent variables. The eleven trials were considered separately in
the ANOVA. Peaks are labeled with hollow circles in the left panel of Figure 4.3.
N, number of subjects in analysis; A, awareness; G, gender; T, trial. ......c.c.cocoerrerrenneneen. 64

Table 4.5 Mean (S.D.) of EMG onset time and normalized RMS magnitude computed over the
interval of retraction motion. Upper portion of table summarizes data as a function
of awareness (unalerted, alerted), gender (male, female) and trial number (1 to 11).
Trial data are summarized here for the first trial and the average of the last five
trials only. Lower portion of table summarizes the results (F-statistics) of separate
3-way ANOV As using awareness, gender and trial number as independent
variables. The eleven trials were considered separately in the ANOVA. RMS, root-
mean square; OO, orbicularis oculi; MAS, masseter; SCM, sternocleidomastoid;
PARA, cervical paraspinal; N, number of subjects in analysis; A, awareness; G,
gender; T, trHal ...ttt e 67



X

Table 5.1 Mean (S.D.) of subject age and physical characteristics. .........cocovvvevininiiiiniiininiinenne 77

Table 5.2 Mean (S.D.) of the initial position and angle of the head and torso. Upper portion of
table summarizes data as a function of awareness (alerted, unalerted) and
perturbation intensity (low, standard, high). Positions are relative to an origin at the
seat hinge; angles are relative to the horizontal. There were no significant
differences with either warning level or perturbation intensity. X, horizontal
position, +ve forward; Z, vertlcal position, +ve downward; N, number of subjects in
ANALYSIS. et ettt e s n e et e san e st 84

Table 5.3 Mean (S.D.) of the peak amplitude of selected kinematic data. Upper portion of table
summarizes data as a function of amplitude awareness (alerted, unalerted) and
perturbation pulse intensity (low, standard, high). Lower portion of table
summarizes the results (F-statistics) of the ANOV As for the effect of awareness
and perturbation intensity on each of the peak responses. Individual peaks are
labeled with hollow circles in Figure 5.3. Descriptive statistics are from the actual
data and the results of the inferential statistics are from the normalized data. N,
number of subjects in analysis. .....cooeiiieriii e 87

Table 5.4 Mean (S.D.) of the time of peak amplitude for selected kinematic data. Upper
portion of table summarizes data as a function of amplitude awareness (alerted,
unalerted) and perturbation pulse intensity (low, standard, high). Lower portion of
table summarizes the results (F-statistics) of the ANOV As for the effect of
awareness and perturbation intensity on each of the peak responses. Individual
peaks are labeled with hollow circles in Figure 5.3. Descriptive statistics are from
the actual data and the results of the inferential statistics are from the normalized
data. N, number of subjects in analySis........coceevrrrrrcrrienirriereee et et et eeene e 88

Table 5.5 Mean (S.D.) of EMG onset time and normalized RMS magnitude computed over the
interval of retraction motion. Upper portion of table summarizes data as a function
of awareness (alerted, unalerted) and perturbation pulse intensity (low, standard,
high). Lower portion of table summarizes the F-statistics and the results of the
ANOVA for awareness and perturbation intensity. Descriptive statistics are from
the actual data and the results of the inferential statistics are from the normalized
data. RMS, root-mean square; OO, orbicularis oculi; MAS, masseter; SCM,
sternocleidomastoid; PARA, cervical paraspinal; N, number of subjects in analysis. ...... 89

Table 6.1 Mean (S.D.) of subject age and physical characteristics. ........cocevevverrerniicnsenincninencnnnnne. 97

Table 6.2 Coefficients of determination (r2) for every combination of normalized dependent
variable and perturbation pulse parameters. Kinematic amplitudes sorted temporally
based on the average time observed in the standard perturbation. The largest r2 for
each variable in bold text. An r2=0.02 was significant at the p=0.05 level. Av,
velocity change; a, average acceleration; At, pulse duration; a8Av, product of
average acceleration and velocity change. ..o 107




Li1ST OF FIGURES

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Sample EMG recordings from the control, startle and reaction time trials of a single
subject. A, EMG recordings from the first control trial. B, EMG recordings from the
second control trial, administered between the flexion and rotation blocks. C, EMG
recordings from a startle trial in which the subject was ready to perform a ballistic
flexion movement. D, EMG recordings from a startle trial in which the subject was
ready to perform a ballistic axial rotation movement. E, EMG recordings from a
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A, Mean onset times = 1 S.D. for the left and right sternocleidomastoid muscles
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Similar to previous panel except for the cervical paraspinal muscles. C, mean ratio
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PREFACE

This thesis consists of two experiments. The first experiment was designed to address two
related questions and was written up as a single study (Chapter 2). The second experiment was
designed to address four separate questions and was therefore written up as four separate studies
(Chapters 3 through 6). To assist in the future publication of these studies, each chapter contains a
complete introduction, methods, results and discussion relevant to that chapter. Chapter 2 was written
for and has been accepted by the Journal of Physiology. Chapters 3 and 4 have been written for
journals focused on the biomechanics of whiplash injury, and Chapters 5 and 6 have been written for
neurophysiology journals. A cbnsequence of this format was some repetition of material, particularly
of the Instrumentation and Data Reduction sections within the Methods of each chapter, and a minor
loss of fluidity between chapters. To smooth the transition between chapters, bridging summaries
have been added to the end of Chapters 2 through 5. The final Discussion in Chapter 7 was then
focused on an overall interpretation of the results and how the combined results of these different

experiments affected the study of whiplash injury and our understanding of the aetiology of whiplash

injury.
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CHAPTER 1 INTRODUCTION

Little is known about the aetiology of whiplash injury. Biomechanical investigations into
whiplash injury have used various models, including human subjects, cadavers, physical models and
mathematical models, to attempt to better understand the dynamic response and ultimately the
distribution of tissue loading in whiplash-injured individuals. Each model has its strengths and
weaknesses. Human subject data have included a muscle response not present in cadavers, and both
physical and mathematical models have relied on human subject data for validation. Human subject
data, however, also have limitations. In addition to necessarily remaining below a severity which
causes lasting injury, the external validity of the laboratory response to a simulated rear-end collision
remains a question. External validity is the extent to which the results of a study can be applied or
generalized to the actual population under study (Campbell and Stanley, 1963). A real whiplash-
producing collision consists of a single perturbation, often with little or no warning. Laboratory
experiments, on the other hand, have often consisted of multiple perturbations and have used subjects
who were aware, to varying degrees, of the timing, amplitude and indeed the presence of an imminent
whiplash-like perturbation. For the purposes of this thesis, these three different levels of awareness
have been called temporal awareness, amplitude awareness and event awareness respectively. In this
context, the overall goal of this thesis was to improve our understanding of the role that multiple
exposures and information regarding the timing, amplitude and presence of a whiplash-like

perturbation have on the response of human subjects in a laboratory setting.

1.1  An Overview of Whiplash Injury and Biomechanics

Whiplash injury presents with a palette of symptoms which include neck and back pain,
headaches, dizziness, blurred vision, paraesthesias, and cognitive difficuities (Bogduk, 1986; Evans,
1992). The injured tissues responsible for chronic whiplash symptoms have been the subject of much
speculation and, to date, only one controlled clinical study designed to anatomically isolate the
injured tissue has been carried out. Using a double blind, placebo-controlled study, Lord et al. (1996)
showed that the cervical facet joints were the source of neck pain in 60 percent of a population with
chronic pain secondary to whiplash injury. Transient symptoms lasting less than one week have been
attributed to muscle injury (Bogduk, 1986; Brault et al., 2000).

Most whiplash injuries have occurred in rear-end collisions in which the injured party’s
vehicle was struck at the rear and accelerated forward (Jakobsson et al., 2000). In keeping with this

observation, the whiplash-like perturbations used in this thesis consisted of horizontal forward

accelerations applied to subjects seated in an automobile seat. Numerous human subject studies have




shown that during a low-speed rear-end impact, the pelvis of a forward-facing, normally-seated
occupant is accelerated forward first. Because of seat back compliance and occupant posture,
acceleration of the upper torso lags acceleration of the pelvis. As the forward translation of the torso
relative to the initially stationary head increases, the lower vertebrae of the cervical spine extend and
the upper vertebrae flex. Shear forces developed at thé top of the cervical spine ultimately accelerate
the base of the skull forward and set up a rearward rotation (extension) of the head. In the presence of
a head restraint, both the head extension and the horizontal translation between the torso and head
(called retraction) are arrested by the combination of an external force applied to the head by the head
restraint and internal forces developed in the ligamentous cervical spine and cervical muscles. If no
head restraint is present, larger extension and retraction motions occur before the head motion is

arrested by internal forces alone.

1.2  Cervical Muscle Response

The neck muscles have been shown to activate early in the dynamic response of subjects
exposed to whiplash-like perturbations (Table 1.1). Aside from one study, the mean activation times
of the sternocleidomastoid muscle (SCM) were less than previously-reported voluntary activation
times to a somatosensory stimulus (117 + 16 ms) and an acoustic stimulus (107 £ 21 ms) (Mazzini
and Schieppati, 1992). The amplitude of the muscle response evoked by a whiplash-like perturbation
has also been shown to increase with perturbation intensity (Brault et al., 2000). Taken together, the
pre-voluntary activation times and the graded nature of the neck muscle response to perturbation
intensity are indicative of a reflexive response (Gordon and Ghéz, 1991).

Though consistent activation times have been observed, activation itself has not been
consistently reported in all studies of whiplash biomechanics. Two studies listed in Table 1.1 reported
low or no cervical paraspinal muscle (PARA) response (Gutierrez, 1978; Ono et al., 1997). In both
studies, subjects were exposed to multiple trials, and as a result of the study design, subjects in both
studies knew when impact would occur. In contrast to these findings, Brault et al. (2000) observed a
clear SCM and PARA muscle response in novice subjects exposed to only two unexpected
perturbations spaced a week or more apart. These differing results suggested that multiple sequential
exposures or information regarding the timing of a perturbation (temporal awareness), or a
combination of both, may have affected the reflex response of the posterior neck muscles in the
earlier two studies. These explanations were consistent with well-documented phenomena related to
reflex muscle responses: habituation and central set. '

Habituation has been defined as a centrally generated decrement in response magnitude to

repetitive stimulation (Harris, 1943). It typically consists of a rapid initial decrement which becomes




progressively slower with time and exposure repetitions. Rapid habituation has been observed in
postural reflexes (Nashner, 1976; Hansen et al., 1988; Woollacott et al., 1988; Allum et al., 1992;
Bisdorff et al., 1994; Timmann and Horak, 1997) and startle reflexes in humans (Davis, 1984). In
free-fall experiments of supine subjects, the magnitude of the electromyographic (EMG) signals was
reduced by 30 to 50 percent by the third exposure (Bisdorff et al., 1994). Although habituation
produces a decrement in response, not all components of a response are necessarily reduced by the
same amount. Habituation of the startle reflex has been shown to occur more readily in the extensor
muscles, leaving primarily a flexor muscle response after habituation (Davis; 1984). Moreover,
complete elimination of reflex actiQation in antagonist muscles has been observed during repeated
postural perturbations (Woollacott et al., 1988). This extreme form of habituation may be consistent
with the absence of an extensor muscle response observed in subjects exposed to multiple whiplash-
like pertﬁrbations (Gutierrez, 1978; Ono et al., 1997). In recognition of habituation, many studies of
reflex responses have used practice trials to achieve a stable response in their subjects before

beginning data collection.

Table 1.1. Summary of data from previous whiplash studies in which muscle activity was measured.
Mean (S.D.) given for muscle activation times. Av, velocity change; SCM, sternocleidomastoid
muscle; PARA, cervical paraspinal muscles; M, male; F, female; NR, not reported.

Subjects Perturbation properties Muscle activation times

Study Gender Age Av Duration SCM PARA

(M/F) (yrs) (km/h) (ms) (ms) (ms)
Gutierrez (1978) 3/0 22-29 6.6 80-87 68 (12)! NR
Ono et al. (1997) 3/0 24? ~6° ~140* 79 (9) NR
Szabo and Welcher (1996) 4/1 22-54 7.5-10.0 80-90* 118 (11) 117 (11)
Meyer et al. (1998) 2/0 ~30 5.5-9.0 75-160 72° 72}
Castro et al. (1997) 14/5 26-47 8.7-14.2 105-169° NR 61°
Pope et al. (1998) 10/0 18-25 NR NR ~100 ~100
Magnusson et al. (1999) 8/0 24-56 ~27 ~250-300 73 (15) 175 (67)°
Brault et al. (2000) 2121 20-40 4 138 (4) 91 (9) 96 (11)
Brault et al. (2000) 20/19  20-40 8 135 (2) 81 (8) 84 (9)

. From onset of sled acceleration as estimated from graphs of all data in appendix.
. Mean age of all 12 subjects in entire experiment.

. Impact speed, rebound not known and therefore speed change not known.

. Estimated from sample data in figures.

. Relative to onset of vehicle acceleration.

. From partial results reported by Meyer et al. (1998).

. Estimated from sample acceleration pulse; acceleration pulse was biphasic.

. Onset for splenius capitus from wire electrodes.
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Another well-documented feature of postural perturbations is the development of a
preparatory state called central set (Nashner, 1976; Horak et al., 1989). Central set is an a priori
selection of the appropriate pattern and magnitude of a muscle response to a stimulus based on prior
experience and the expectation that the next stimulus will be of a similar magnitude. AWhereas
habituation refers to a non-specific decrement in response magnitude, central set refers to a tuning
process that may increase or decrease the response of a muscle based on prior experience (Timmann
and Horak, 1997). Central set has been observed to develop under conditions where muscles were
reflexively activated before complete information regarding the intensity of the stimulus was
available; it has not been observed when the stimulus information needed to grade the muscle
response was available prior to activation (Horak et al., 1989). Central set is therefore a predictive
phenomenon. Since muscle activation has been shown to precede the end of the perturbation in some
whiplash exposures (Brault et al., 2000), it is possible that awareness of the perturbation amplitude,
i.e., amplitude awareness, has been used by subjects in some experiments to tune their muscle
response during sequential exposures to similar intensity perturbations. Though perturbation
amplitude has been varied in many previous whiplash experiments using human subjects, the effect of
amplitude awareness on the response of subjects to whiplash-like perturbations has not been
previously studied.

Both habituation and central set require multiple exposures to a stimulus to develop.
Collisions which result in whiplash injuries, however, are frequently one-time events which occur
without waming (Sturzenegger et al., 1994). Therefore, it is the first, unhabituated response of a
surprised individual to a whiplash-like perturbation that should be studied to understand a large
proportion of whiplash injuries. Based on this criterion, none of the studies listed in Table 1 actually
replicated real rear-end collisions in which occupants are surprised by the collision. Even if not aware
of the exact timing of a perturbation, i.e., not temporally aware, these subjects still knew that some
form of perturbation would occur, i.e., they were event aware. Based on epidemiological data, this
difference in event awareness between laboratory tests of whiplash biomechanics and real collisions
may be important. Unprepared occupants have reported a higher frequency of multiple symptoms and
more severe headaches than prepared occupants (Sturzenegger et al., 1994). Moreover, individuals
reporting multiple initial signs and symptoms after a whiplash-producing collision were more prone
to develop a chronic injury (Suissa, 2001). Sturzenegger et al. (1994) hypothesized that the muscle
response was likely the primary variable which differed between surprised and prepared subjects, but
did not propose a mechanism by which awareness of the impending collision might reduce the

frequency and intensity of symptoms.

A difference in muscle response was also a distinguishing feature between the results of




whiplash experiments conducted on novice subjects who were not temporally aware (Brault et al.,
2000) and whiplash experiments conducted on experienced subjects who were temporally aware (Ono
et al., 1997). This difference in the muscle response observed under two different experimental
protocols raises questions regarding both the role of awareness in the response of human subjects
exposed to whiplash-like perturbations and the role that multiple exposures play in producing
habituated responses that might not be representative of responses in real collisions. To date, there
have been no systematic biomechanical investigations of the effect of either subject awareness or
habituation on the muscle and kinematic responses produced during whiplash-like perturbations. An
understanding of how these phenomena affect both the cervical muscle response and the induced
kinematics during whiplash-like perturbations will help to define how to better study whiplash injury
in the laboratory, will assist in interpreting the external validity of previous whiplash experiments

using human subjects, and may provide insight into the aetiology of whiplash injury.

1.3 Overall Goal

The overall goal of this thesis was to answer the following question: Do awareness and
habituation alter the muscle and kinematic responses of human subjects exposed to whiplash-like
perturbations? Three elements of awareness were considered: 1) temporal awareness, defined as
information regarding the timing of a stimulus; ii) amplitude awareness, defined as information
regarding the intensity of the stimulus; and iii) event awareness, defined as information regarding the

presence of the stimulus.

1.4 Development of the Experiments

1.4.1 Experiment 1 - Malleability of a Neck Muscle Reflex

The research question posed above assumes that a degree of malleability exists in the reflex
response of the human cervical muscles. It further assumes that a subject aware of an imminent
perturbation could exploit this malleability, either consciously or unconsciously, to alter their
reflexive neck muscle response. If such readiness is able to alter the muscle activation, then
information regarding the magnitude of that alteration and how it changes over multiple sequential
trials is important. If, on the other hand, such readiness is unable to alter the muscl.e activation, then
questions regarding the role of awareness might, at best, require a different framework or, at worst, be
moot.

The first part of this investigation was therefore to quantify the degree of malleability
available in the reflex response of the cervical muscles. Valls-Solé et al. (1997, 1999) recently

examined how the motor readiness present immediately before a ballistic reaction time movement



altered the startle reflex in distal upper and lower limb muscles. To examine this phenomenon, the
“go” stimulus they used during a forewarned, simple reaction-time task was occasionally replaced
with a loud sound capable of producing an acoustic startle reflex. Their data showed that the
movement prepared for the reaction-time trial was preserved during the startled trials, but that the
muscle onset latency was shortened to that of the acoustic startle reflex (Valls-Solé et al., 1999).
Although a quantitative analysis of the muscle response magnitude was not performed, their
qualitative analysis indicated that there was no difference in magnitude between the startle-induced
motor response and the voluntary motor response. Therefore, the normal startle response in the distal
limb muscles appeared to be extinguished by a subject’s readiness to execute a movement and
replaced by the muscle response prepared for the reaction-time task.

An important component of the study conducted by Valls-Sol€ et al. (1999) was the level of
readiness that existed in subjects between the warning and go stimuli. Although a similarly
heightened state of readiness may not be present in subjects about to undergo a whiplash-like
perturbation, the heightened level of readiness present in advance of a ballistic reaction-time task
provides an opportunity to study the maximal effect that readiness might have on the cervical muscle
response. The results reported by Valls-Solé et al. (1999) implied that mental preparation of a motor
response in advance of a whiplash-like perturbation could have a profound effect on the muscle
response evoked by the perturbation if subjects used their awareness of the perturbation timing to
ready such a response.

Unfortunately, the results reported by Valls-Solé et al. (1999) in distal limb muscles cannot
be directly extrapolated to the cervical muscles. The cervical muscles, particularly the SCM muscle,
have been shown to respond more strongly to an acoustic startle stimulus than do limb muscles
(Brown et al., 1991a; Vidailhet et al., 1992) and it was not clear how this stronger connection would
interact with subject readiness (Hypothesis 1A). It was also not known whether the startle-triggered
movement reported by Valls-Sol€ et al (1999) was the result of readiness to perform the movement or
whether the practice acquired during the numerous reaction-time trials preceding the startled trials
also played a role. If a normal reflex response could only be altered by a previously-practiced
movement, then the first few responses of a subject exposed to a whiplash-like perturbation might be
representative of real exposures for a limited number of initial perturbations (Hypothesis 1B). Based
on these unresolved issues, Experiment 1 was designed to test whether motor readiness could alter the
reflex response of the neck muscles and whether this phenomenon was present in the first trial prior to
practicing the movement. To answer this question, a whiplash perturbation was a less suitable

stimulus than the acoustic startle used by Valls-Solé et al. (1999) because it superimposed a relatively

large perturbation-induced movement onto the movement generated by the muscle response. Isolating




the movement related to the muscle response from the overall movement would be difficult. To
eliminate this problem, an acoustic stimulus rather than a whiplash-like perturbation was used to

evoke the neck muscle reflex for Experiment 1.

1.4.2 Experiment 2 — Perturbation Studies

Establishing that motor readiness could alter the neck muscle reflex without prior practice did
not mean that subjects actually readied a motor response in advance of whiplash-like perturbations.
Magnusson et al. (1999) observed no difference in the onset, duration or amplitude of the cervical
muscle response between seated subjects who were given a countdown to a perturbation (alerted) and
subjects who underwent randomly-spaced perturbations (unalerted). Kumar et al. (2000), on the other
hand, reported that the peak head acceleration of subjects aware of the time and intensity of an
impending horizontal perturbation was about half as large as the peak head acceleration of subjects
who were not aware of the exact time or intensity of the perturbation. In a recently published abstract
containing muscle response data from the same experiment, Kumar et al. (2001) reported that
awareness of the perturbation significantly affected the onset and amplitude of the EMG signal of
various neck muscles. Unfortunately, these authors did not describe the nature of the relationship
between awareness and the muscle response. Based on their previously reported kinematic response,
however, it was presumed that awareness of the time and intensity of the perturbation reduced the
muscle response.

Although the apparently contradictory findings of the two research groups cited above
warrant additional investigation, further work was also needed to eliminate the potentially
confounding effects of habituation and to study a more realistic level of awareness. Both research
groups used repeated exposures to study the effect of awareness and did not report whether their
subjects were habituated to the perturbation prior to acquiring their data. Including both habituated
and unhabituated responses may have confounded their analyses of awareness. In addition, both
Magnusson et al. (1999) and Kumar et al. (2000) only studied the effect of temporal awareness on the
response of their subjects to whiplash-like perturbations. Neither group studied the effect of event
awareness. Neither the alerted nor unalerted conditions studied by these two groups of researchers
may have been representative of many real whipiash exposures — even during their subjects’ first
exposures. The intensity of the first reflexive muscle response under surprised conditions may be
different from the first reflexive muscle response elicited in subjects aware of the presence of an
imminent perturbation, whether or not they know its exact timing (Hypothesis 2A). To examine the
effect of event awareness on the response to whiplash-like perturbations, deception was used in the

current experiments to create a pre-perturbation awareness level closer to the surprised condition



present during most real collisions.

Most whiplash experiments employing human subject have used multiple exposures to
similar stimuli. If the free-fall experiments of Bisdorff et al. (1994) are an indication, rapid
habituation of the muscle response likely occurred as a result of these multiple exposures. Although
motor readiness, similar to that being studied in Experiment 1, has been shown to reduce habituation
(Valls-Solé et al., 1997), the degree of habituation to multiple, seated, horizontal perturbations and the
degree to which habituation is affected by temporal awareness has not yet been quantified
(Hypothesis 2B). Since the deception used to generate the surprised response in the first trial could
not be repeated, habituation could only be studied in the alerted and unalerted subjects. Information
regarding the habituation pattern will help to identify which human subject experiments should be
used to validate future whiplash injury models and which might be less suitable. Furthermore, a better
understanding of habituation to whiplash-like perturbations could provide a basis to limit the number
of exposures per subject in future human subject testing.

The first two hypotheses of Experiment 2 were focused on event and temporal awareness,
however, awareness of the perturbation amplitude might also affect a subject’s response. Based on the
experimental design used by Kumar et al. (2000), it was not possible to discern whether their reported
awareness effect was due to temporal awareness or amplitude awareness. Therefore, it remains
unknown whether subjects use information regarding the intensity of a perturbation to alter their
muscle response (Hypothesis 2C). Unlike temporal awareness, amplitude awareness could not be
studied in tandem with event awareness. Subjects could be misled regarding the amplitude of a
perturbation, however, the information conveyed in the act of this deception eliminated the surprise
needed to simultaneously study event awareness. Moreover, deception regarding the perturbation
amplitude assumed that subjects had a baseline reference against which to compare their next
perturbation. This baseline does not exist in subjects not previously exposed to a perturbation. To
overcome these problems, the effect of amplitude awareness was only studied in subjects who had
habituated to a baseline perturbation condition.

All of the preceding hypotheses have focused on whether subjects, based on their level of
advance knowledge, could potentially alter the amplitude of their neck muscle reflex response and
thereby alter the amplitude of the induced kinematic response. To put these kinematic changes into
context, the variation in these same responses with stimulus magnitude was also examined. Some
information regarding the stimulus-response relationship would be generated by the different levels of
perturbation intensity used in the experiment to test Hypothesis 2C. More than one component of the

perturbation kinematics, however, may affect the response. Recent evidence has shown that the

amplitude of the induced kinematics during whiplash-like perturbations varies with both the




acceleration and velocity change of the perturbation (Bostrom et al., 2000, Siegmund and Heinrichs,
2001). These latter experiments were conducted using a BioRID II crash test dummy specifically
designed for whiplash testing and therefore provided no information regarding the effect of
acceleration and velocity change on the reflex muscle response. To date, the question of whether the
neck muscle reflex response is graded to perturbation velocity or acceleration has not been quantified

(Hypothesis 2D).

1.5 Testable Hypotheses

The proposed research seeks to determine how awareness and habituation affect the muscle
and kinematic responses evoked by whiplash-like perturbations. Based on the rationale presented
above, two experiments consisting of six hypotheses were performed. The hypotheses which were

tested in each experiment are outlined below:

1.5.1 Experiment 1

1A) The cervical muscle response evoked by an acoustically startling stimulus is different

in relaxed subjects than in subjects ready to execute a rapid head movement.

1B) The cervical muscle response evoked by an acoustically startling stimulus can be
altered by readiness to perform a rapid head movement without that movement being

practiced.

1.5.2 Experiment 2

2A) The neck muscle and peak kinematic responses of subjects exposed to a whiplash-like

perturbation are different in alerted, unalerted, and surprised conditions.

2B) The neck muscle response of alerted and unalerted subjects habituates to multiple

sequential whiplash-like perturbations.

2C) Prior knowledge of the intensity of a perturbation affects the neck muscle response to

that perturbation.

2D) The neck muscle response is graded to both the acceleration and velocity change of a

whiplash-like perturbation.

Both hypotheses of Experiment 1 were combined and are reported in Chapter 2. Hypotheses

2A through 2D were treated as separate experiments and are reported in Chapters 3 through 6

respectively.




1.6 Statement of Ethics

" All of the experiments documented in this thesis were conducted in accordance with the

ethical guidelines of the University of British Columbia.
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CHAPTER 2 MALLEABILITY OF NECK MUSCLE REFLEXES

2.1 Introduction

Loud acoustic stimuli produce an involuntary muscle response known as the startle reflex
(Landis and Hunt, 1939). Startling stimuli can generate a whole-body reflex response, however the
" response rapidly habituates in distal muscles and is often reduced to only an eye blink after relatively
few stimuli (Landis and Hunt, 1939; Davis, 1984). Interestingly, recent studies have shown that
readiness to execute a voluntary movement facilitates the startle reflex and reduces habituation in the
muscles used for the voluntary movement (Valls-Solé et al., 1995; Valls-Solé et al., 1997).

This phenomenon of reduced habituation in the presence of motor readiness was recently
used to study ballistic movements in the upper and lower limbs (Valls-Sol€ et al., 1999). These
authors reported that an acoustic startle-inducing stimulus superimposed on a visual GO stimulus
produced the same muscle response pattern observed in reaction-time (RT) trials, but with an onset of
electromyographic (EMG) activity advanced to that of the startle reflex response. These researchers
reported that the muscle response observed during startled movement trials was not simply the
summation of a normal startle response and a temporally-normal voluntary reaction-time muscle
response. Valls-Solé et al. (1999) also reported no extra EMG activity in the distal limb muscles
during startled movement trials - an observation that suggested the muscle response during these trials
was also not the sum of a normal startle and a temporally-advanced reaction-time response. Based on
these findings, Valls-Sol€ et al. (1999) proposed that the startling stimulus had released a pre-
programmed movement stored in subcortical structures.

This proposal of a pre-programmed movement triggered by a startle did not, however, explain
what became of the descending startle volley. Since the startle-only responses in the distal limb
muscles studied by Valls-Solé et al. (1999) were relatively small, it was possible that the addition of a
normal startle response to an accelerated voluntary muscle response was too small to detect. The
primary goal of the present experiment was to study further the potential summation of a startle
response and a temporally advanced voluntary muscle response using the larger and more robust
startle response of neck muscles (Brown et al., 1991a; Vidailhet et al., 1992). Ballistic, self-
terminated head movements in flexion and axial rotation were used to examine two combinations of
muscle synergies between the sternocleidomastoid (SCM) and cervical paraspinal (PARA) muscles. It
was hypothesized that the amplitude of the neck muscle response would be larger during startled
movement trials and that the relationship between the startled movement responses and the reaction-

time responses would provide the information needed to determine whether the startle-induced
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response consisted of only the triggered voluntary movement or whether it was some combination of
a startle reflex and a temporally-advanced movement. A preliminary report of this study has been

previously published in abstract form (Siegmund et al., 2000a).

2.2 Methods

2.2.1 Subjects

Twenty healthy subjects (9 F, 11 M) between 18 and 35 years old participated in the
experiment. All subjects gave their informed consent and were paid a nominal amount for their
participation. The use of human subjects for this experiment was approved by the university’s Ethics

Review Board and the study conformed with the Declaration of Helsinki.

2.2.2 Instrumentation

Electromyographic (EMG) activity in the orbicularis oculi (OO), masseter (MAS),
sternocleidomastoid (SCM) and cervical paraspinal (PARA) muscles was recorded bilaterally using
10 mm pre-gelled surface electrodes (H59P, Kendall-LTP, Huntington Beach, CA) and an Octopus
AMT-8 amplifier (Bortec, Calgary, AB). Two uniaxial accelerometers (Kistler 8302B20S1; +20g,
Ambherst, NY) and a single uniaxial angular rate sensor (ATA Sensors ARS-04E; +100 rad/s,
Albuquerque, NM) were positioned at the subject’s forehead. The sensitive axis of one accelerometer
was oriented vertically to measure head acceleration during flexion movements and the sensitive axis
of the other accelerometer was oriented mediolaterally to measure head acceleration during axial
rotation movements. The angular rate sensor was reoriented appropriately between the blocked
movement trials to capture both flexion and axial rotation movements\. High gains (overall sensitivity
of 2.9V/g) were used for the accelerometers to improve detection of movement onset (Corcos et al.,
1993). These gains resulted in peak acceleration data being clipped, however, these data were used
only for onset detection. A force transducer (Artech S-Beam SS20210, £2 kN, Riverside, CA) was
used to measure reaction loads during normalizing contractions of the SCM and PARA muscles.
EMG signals were bandpass filtered at 10 Hz to 1 kHz and transducer signals were low-pass filtered
at 1 kHz before being simultaneously sampled at 2 kHz and stored for subsequent analysis. Auditory
signal magnitude was measured using a Cirrus Research CR252 sound level meter (Hunmanby, North

Yorkshire, UK) at a location which coincided with the midpoint of the subjects’ ears.

2.2.3 Test Procedures

Seated subjects underwent two blocks of 20 trials in which they were instructed to react as

rapidly as possible to an auditory GO stimulus (76 dB, 1000 Hz, 40 ms duration) by performing a
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ballistic head movement. In one block of trials, subjects flexed their head and neck forward from a
neutral head position; in the other block of trials, subjects axially rotated their head to the right from a
neutral head position. Half the subjects underwent flexion trials first; the other half underwent
rotation trials first. The GO stimulus was preceded by an identical warning tone at randomly-varying
foreperiods uniformly-distributed between 1.5 and 3.5 seconds. The time between trials was

15 seconds and a rest period of about 3 minutes was used between blocks. Subjects received
qualitative verbal feedback and enthusiastic encouragement between trials.

Subjects were not permitted to practice either motion prior to the experiment. Immediately
preceding a block of trials, the experimenter described and demonstrated the desired movement to the
subject and then passively moved the subject’s head from the neutral position to an approximate
endpoint and back to the neutral position. Subjects were then instructed to visualize and practice the
movement mentally without actually moving. Targets were provided to assist the subjects with
moving through about 45 degrees of head rotation, although subjects were instructed to focus on
rapidly initiating and executing the prescribed movement rather than on endpoint repeatability. On
trials 1, 4, 8, 11, 12, 15 and 20 of each block, the GO stimulus was replaced by a startle-inducing
stimulus (124dB, 1000 Hz, 40 ms). The warning tone was unaltered. Trials in which the subject
received the GO stimulus were designated reaction time trials (RT trials) and trials in which the
startling stimulus replaced the GO stimulus were designated startled movement trials (ST trials). In :
addition to the two blocks of twenty trials for each movement, three startle-only control trials (CT
trials) were administered: one before, one between and one after the two blocks of movement trials.
For the startle-only control trials, subjects were relaxed, i.e., not ready to move, and the startling
stimuli were presented without warning stimuli.

After completion of the above protocol, seated subjects performed sub-maximal isometric
contractions in flexion and extension to generate normalizing data for the SCM and PARA muscles
respectively. A strap attached to the load cell was placed around a subject’s head and its length
adjusted to ensure the subject’s head was neutrally positioned. The strap was located immediately
above the glabella for flexion contractions and at the height of the external occipital protuberance for
extension contractions. Subjects were instructed to generate a force of 25 N with visual feedback, first
in flexion and then in extension. EMG and load cell data were acquired for 5 s during each

contraction.

2.2.4 Data Reduction

The onset of head movement was determined directly from the accelerometer data using the

algorithm developed in Appendix A. Peak angular velocity (W) of the movement was determined
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directly from the angular rate sensor data after the raw data had been digitally compensated to reduce
the sensor’s high-pass frequency to 0.002 Hz (Laughlin, 1998). Angular acceleration was computed
by finite differences (5 ms window) from the compensated angular velocity data and its peak (Olmx)
was determined. Total head angular displacement (6,,.x) was computed by integrating the
compensated angular velocity. The time at which each of the three angular kinematic parameters
reached a maximum was also determined and the relative timing between these three maxima was
used to evaluate whether the responses in the ST trials and RT trials were temporally similar. The
acceleration interval was defined as the time between acceleration onset and peak angular velocity
(Wma)- The time between peak angular velocity and peak angle (O,,x) was used to represent the
deceleration interval because some subjects continued to negatively accelerate for a considerable
period after reaching their peak angular displacement.

EMG onset times were determined using a double-threshold detector (Bonato et al., 1998)
and then confirmed visually. For each muscle, the root mean squared (RMS) amplitude of the EMG
was calculated over the acceleration interval for movement trials. The kinematics could not be used to
defme a comparable interval for control trials because little or no movement occurred. Therefore, the
average duration of the acceleration interval for all movement trials was used to compute the RMS
amplitude of the EMG for the first control trial of each subject. The SCM and PARA muscle EMG
amplitudes were normalized by the RMS amplitude obtained during the 5 s sub-maximal contraction
for the corresponding muscle. Entire trials were rejected if movement preceded the stimulus or if
movement did not occur within 200 ms of stimulus onset. Data from individual muscles within an
accepted trial were rejected if the muscle was active within 20 ms of stimulus onset, if onset was
absent, or if onset was ambiguous.

Ratios and arithmetic differences were then computed from the EMG amplitude and onset
latency data obtained from the left and right neck muscles under the different stimuli and movement
conditions. From the EMG amplitude data, ST/RT ratios were computed by dividing the EMG
amplitude observed in the ST trials by the EMG amplitude observed in the RT trials. For each subject,
a separate ST/RT ratio was calculated for each of the four neck muscles in each of the two movement
conditions (eight ratios per subject). Eight matching RT-ST differences were computed by subtracting
the EMG amplitude of the ST trials from the EMG amplitude of the RT trials. A comparison between
the ST/RT ratios and RT-ST differences in the different neck muscles and movement conditions was
then used to evaluate whether the EMG amplitude observed during ST trials was a scaled or biased
version of the EMG amplitude observed during RT trials. If the EMG amplitude observed during ST
trials was a scaled version of that observed during RT trials, then similar ST/RT ratios would be

expected in all muscles and movement conditions. If instead the EMG amplitude observed during ST
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trials was biased up or down relative to that observed during RT trials, then similar ST-RT differences
would be expected in all muscles and movement conditions.

The expected bilateral asymmetry in neck muscle activity during rotation trials provided an
opportunity to compare left and right muscle activity using the same technique. For these
comparisons, left/right (L/R) ratios of EMG amplitude in the left and right muscles of each functional
neck muscle pair were computed for each stimulus condition and each movement direction (eight
ratios per subject). Eight matching L-R differences in the EMG amplitude were also computed. As
before, a comparison between these L/R ratios and L-R differences was used to evaluate whether
bilateral differences in the EMG amplitude observed during ST trials were scaled or biased versions
of the EMG amplitude observed during RT trials.

In addition to EMG amplitude, ST/RT ratios, ST-RT differences, L/R ratios and L—R
differences was also computed from the onset latency”data. A comparison between the ST and RT
ratios and differences was used to evaluate whether the shortened onset latency observed in the ST
trials was scaled forward in time or biased forward in time relative to the onset latency observed in
RT trials. A comparison between the left and right ratios and differences was used to evaluate
whether bilateral differences in onset latencies observed during ST trials were scaled or biased

versions of the bilateral differences observed during RT trials.

2.2.5 Statistical Analysis

Prior to statistical comparisons, separate within-subject means were calculated for the
dependent variables in the reaction-time trials and startled movement trials. For each kinematic
variable, a two-way repeated-measures analysis of variance (ANOVA) was used to assess differences
related to stimulus type (RT, ST) and movement direction (flexion, rotation). For EMG onset times
and amplitudes, a three-way repeated-measures ANOVA for stimulus type, movement direction and
muscle side (left, right) was used. Prior to statistical analysis, the reaction-time data were checked to
ensure they were normally distributed using a Kolmogorov-Smirnov one-sample test. Separate three-
way ANOV As were used for the SCM and PARA muscles. Differences in the onset latencies of both
neck muscles and the onset of head acceleration between the RT, ST and CT trials were compared
with a one-way repeated-measures ANOVA. For these latter analyses, post-hoc comparisons were
performed using a Scheff¢ test.

Each of the ratios and differences computed from the onset latencies and EMG amplitudes
were analyzed separately for each movement direction. For each ST/RT ratio or difference, a two-

- way, repeated-measures ANOVA for muscle (SCM, PARA) and muscle side (left, right) was used.

For each left/right ratio or difference, a two-way, repeated-measures ANOVA for muscle (SCM,
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PARA) and stimulus type (ST, RT) was used. A qualitative comparison between the results of the
analyses of all ratios and differences was then made to interpret the overall relationship of the ST
muscle response to the RT muscle response. A three-way repeated-measures ANOVA was also used
to compare the EMG amplitude observed in the control trials to the difference in EMG amplitude
observed between the ST and RT trials. The three factors in this analysis were muscle (SCM, PARA),
side (left, right) and movement direction (flexion, rotation and control). All statistical tests were

performed using Statistica (v.5.1, Statsoft Inc., Tulsa, OK) and a significance level of 0=0.05.

2.3 Results

Muscle activity was observed in the first control trial of all subjects (Figure 2.1A). Responses
to the latter two control stimuli were typically diminished and in about 10 percent of these latter trials
only the OO response remained intact (Figure 2.1B). Within the flexion and rotation blocks, rejected
trials reduced the average number of ST trials per subject from 7 to 6.75 = 0.26 per block and the
average number of RT trials per subject from 13 to 9.1 + 1.5 per block. All of the ST trial rejections
and a small number of RT trial rejections were due to pre-stimulus movement; the remaining RT trial
rejections were due to prolonged (>200 ms) response times. Within accepted trials, the SCM muscles
were individually rejected once and the PARA muscles were individually rejected eight times in 800

trials. Each individual rejection was due to an ambiguous onset time.

2.3.1 Kinematic Response

The timing and amplitude of the head kinematics varied with both stimulus type and
movement direction (Table 2.1). Head acceleration onset and peak angular head acceleration (Otyy),
velocity (0Omax) and diéplacement (Bmax) all occurred earlier during ST than RT trials. The peak
magnitudes of all three measures of angular head kinematics were also larger during ST than RT
trials. Consistent with these differences in kinematics, subjects qualitatively described their
movements during ST trials as being assisted by something in addition to their own will.

Overall, the duration of the head acceleration interval was longer during ST than RT trials,
however a similar stimulus effect was not observed in the duration of the deceleration interval
(Table 2.1). When the acceleration interval was examined more closely, however, a different pattern
emerged. For flexion movements only, the time between acceleration onset and O,y increased from
88 + 27 ms for RT trials to 122 + 15 ms for ST trials (post-hoc p<0.0001) and the time between

and ®m,, decreased from 78 £ 15 ms for RT trials to 66 + 21 ms for ST trials (p<0.01). No stimulus

effect was observed in the sub-components of the acceleration interval for rotation movements.
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Figure 2.1 Sample EMG recordings from the control, startle and reaction time trials of a single
subject. A, EMG recordings from the first control trial. B, EMG recordings from the second control
trial, administered between the flexion and rotation blocks. C, EMG recordings from a startle trial in
which the subject was ready to perform a ballistic flexion movement. D, EMG recordings from a
startle trial in which the subject was ready to perform a ballistic axial rotation movement. E, EMG
recordings from a reaction time trial for a flexion movement. F, EMG recordings from a reaction time
trial for an axial rotation movement. The vertical bar between the Accel and ® traces is equivalent to
lg and 5 rad/s. OO, orbicularis oculi; MAS, masseter; SCM, sternocleidomastoid; PARA, cervical
paraspinal muscles, 1, left; r, right; Accel, linear head acceleration at the forehead; ®, angular velocity
of the head. The vertical line through all traces of a single trial indicates the onset of either the GO or
startling tone.
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When the head acceleration onset times during the three different trial conditions with startle
tones (CT, flexion ST and rotation ST) were compared, a significant difference was present (F,36-6.4,
p=0.004) (Table 2.1). Post-hoc analysis showed that the onset of head acceleration occurred earlier
during flexion ST trials than rotation ST trials; differences between the other two combinations of

conditions were not significant.

2.3.2 EMG Timing

The temporal pattern of neck muscle EMG in individual ST trials was visibly advanced
compared to RT trials (Figure 2.1,C-F). For both movements, the onset latencies of the SCM and
PARA muscles during ST trials were significantly shorter and exhibited less variation (Table 2.2,
Figure 2.2A, B). Mean onset latencies during ST trials were between 42 and 51 percent of their
respective onset latencies during RT trials (Figure 2.2C). The shorter onset latencies during ST trials
were neither uniformly scaled in time nor uniformly biased forward in time relative to the onset
latencies during RT trials. Within flexion movements, the SCM and PARA muscles were advanced
by significantly different proportions (F; 5.9.7, p=0.006, Figure 2.2C). The arithmetic difference in
onset latencies between the ST and RT trials was also significantly different for the SCM and PARA
muscles during flexion movements (F 19-29.7, p<0.0601) (Figure 2.2D).

SCM activation during RT trials occurred earlier in flexion than rotation (F; 16=6.9, p=0.017),
whereas PARA activation occurred later in flexion than rotation (F, 1o=8.2, p=0.010) (Figure 2.2A, -
B). These movement-related differences in activation times were not present during ST trials. For
each muscle, the onset latencies for flexion and rotation movements during ST trials were not
significantly different from each other or the CT trials.

A small but significant bilateral asymmetry was present in the neck muscle activation
sequence during rotation trials (Table 2.2, Figure 2.2A,B). The right SCM and right PARA muscles
were active 10 + 14 percent eérlier than their left counterparts (F; 14=25.5, p<0.0001) and this rélative
timing was not significantly different between the ST and RT conditions (Figure 2.2E). The
arithmetic difference between the activation time of the right and left muscles between the ST and RT

conditions, however, was significantly different (F; j5-11.4, p=0.003, Figure 2.2F).

2.3.3 EMG Amplitude

During the acceleration portion of the head motion, the RMS amplitude of the normalized
EMG was larger during ST than RT trials for both muscles during both types of movements
(Table 2.2, Figure 2.3A, B). EMG amplitude was bilaterally symmetrical for all flexion trials, but

bilaterally asymmetrical for all rotation trials. For both ST and RT trials during rotation, the EMG
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amplitude

Table 2.2 Mean (S.D.) of muscle activation time and normalized EMG amplitude for the
sternocleidomastoid and cervical paraspinal muscles. Upper portion of table summarizes data as a
function of muscle (SCM, PARA), side (left, right), motion direction (control trials, flexion trials,
rotation trials) and stimulus intensity (startle tone, reaction time tone). Lower portion of table
summarizes the results (F-statistics, df=1,19) of four separate 3-way repeated-measures ANOV As
using muscle side, motion direction and stimulus intensity as independent variables. Control data-
were not used in these analyses. Each statistical result is centered below its source data. SCM,
sternocleidomastoid muscles; PARA, cervical paraspinal muscles; L, left; R, right; CT, control trial,
ST, startle trial; RT, reaction time trial.

Muscle activation time (ms) Normalized EMG amplitude

SCM PARA SCM PARA
Description L R L R L R L R
Control CT 56(13) 55(13) 66(23) 64(23) 2.8(2.1) 2.6(2.1) 42(3.4) 43(3.5)
Flexion trials ST 52(12) 52(12) 59(11) 60(14) 43(2.1) 3.8(1.4) 29(1.9) 3.1(2.3)
RT 107 (28) 107 (25) 141 (31) 140(30) 29(1.7) 2.5(1.3) 1.7(0.7) 1.8(0.7)

Rotation trials ST

52(8) 49(7) 58(11) 55(9)

4.4 (2.1) 2.4 (L1.5)

35(.7) 7.3@3.1)

RT 123 (32) 116(28) 131(29) 120(28) 3.4(19) 1.2(09) 23(1.1) 5924
ANOVA F-statistics

side (L/R) 8.66** 19.7%** 64 2% %%
motion (flex/rot) 5.16* 11.0%* 7.23* 64 .9 H**
stimulus (ST/RT) 145wk 207H A 103 %*** 25 Q%%
side x motion 20.7*** 10.3%* 73.8%*** 60.4****
side x stimulus

motion X stimulus 7.07* 4.98*

side x motion X stim

% p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001
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Figure 2.2 Muscle activation times, ratios and differences for the neck muscles of all subjects. A,
Mean onset times + 1 S.D. for the left and right sternocleidomastoid muscles during control, flexion
and rotation trials. Note that onset times during control and startle trials were significantly faster than
onset times for reaction-time trials. B, Similar to previous panel except for the cervical paraspinal
muscles. C, mean ratio = 1 S.D. of the ST onset time to the RT onset time (ST/RT) for each muscle as
a function of muscle side (L, R) and movement type (flexion, rotation). D, mean arithmetic difference
+ 1 S.D. of the ST and RT onset times (RT-ST) for each muscle as a function of muscle side and
movement type. E, mean ratio + 1 S.D. of the left to right onset latency (L/R) for each functional
muscle pair as a function of stimulus (ST, RT) and movement type. F, mean arithmetic difference + 1
S.D. of the left and right onset times (L-R) for each functional muscle pair as a function of stimulus
and movement type.
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Figure 2.3 EMG amplitudes, ratios and differences for the neck muscles of all subjects. A, Mean
normalized RMS EMG amplitude + 1 S.D. of the left and right sternocleidomastoid muscles as a
function of stimulus (ST, RT) and movement type (flexion, rotation). B, Similar to previous panel
except for the cervical paraspinal muscles. Note the bilateral symmetry during flexion movements
and bilateral asymmetry during rotation movements. C, mean ratio + 1 S.D. of the ST amplitude to
the RT amplitude (ST/RT) for each muscle as a function of muscle side (L, R) and movement type. D,
mean arithmetic difference + 1 S.D. of the ST and RT amplitudes (ST-RT) for each muscle as a
function of muscle side and movement type. Note the consistent upward bias present in the startle
trials. E, mean ratio + 1 S.D. of the left to right amplitudes (L/R) for each functional muscle pair as a
function of stimulus and movement type. F, mean arithmetic difference + 1 S.D. of the left and right
amplitudes (L-R) for each functional muscle pair as a function of stimulus and movement type.
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was larger for the left SCM muscle than the right SCM muscle, whereas for the PARA muscles this
pattern was reversed. The proportional increase in EMG amplitude between the RT and ST trials
varied between muscles and side of muscle during rotation movements (Figure 2.3C), whereas the
bias in EMG varied with neither parameter during either fléxion or rotation movements (Figure
2.3D). The EMG amplitude of the left and right muscles appeared to be bias upward by a similar
amount in both movements. This uniform upward bias implied that the difference in EMG amplitude
between the left and right muscles would also be similar between stimulus conditions, and a
comparison of the ratios and differences of the left and right EMG amplitudes confirmed that the RT
movement appeared to be preserved atop the upward bias in EMG amplitude present in the ST trials
(Figure 2.3E, F). A comparison between the control trial EMG amplitude and the amount of the
upward bias between the RT and ST trlials for each pair of neck muscles revealed that they were
significantly different (F, 33=16.0, p<0.0001) (Table 2.2). The amplitude of the control trials varied
between 10 and 900 percent of the upward bias between the ST and RT trials.

2.3.4 Habituation

Neither muscle activation time, EMG amplitude nor peak angular head kinematics changed
significantly with repeated exposure to startle in the movement trials (Figure 2.4). This absence of
habituation was observed in both blocks of trials, and therefore normalized data from the first and
second blocks were pooled for Figure 2.4. Despite the absence of habituation in startled movement
trials, large and in some cases complete habituation of the neck muscle response was observed in the

startle-only control trials between and after the movement blocks (Figure 2.1A, B).

2.4 Discussion

A loud acoustic stimulus capable of producing a startle reflex shortens the time to muscle
activation in subjects ready to execute a simple reaction-time task. Using this technique, Valls-Solé et
al. (1999) observed that the EMG amplitude of a startle-induced muscle response in distal limb
muscles was not different from the EMG amplitude of the reaction-time muscle response. Based on
this finding, these authors discounted a summation of the startle reflex and pre-programmed
movement, and instead proposed that the startling stimulus triggered the release of a pre-programmed
movement stored in subcortical structures. This proposal did not, however, explain what became of
the descending startle volley.

In the current study, this same technique was used to study the startle-induced response of
neck muscles ready to execute ballistic head movements. Neck muscles were selected because they

have a larger startle response (Brown et al., 1991a; Vidailhet et al., 1992) and might therefore be



24

L b e
ol i B e B e
| 8 o

Figure 2.4 Absence of habituation to startle during sequential trials. A, Mean EMG amplitude + 1
S.D. of all muscles over the seven sequential startle trials during the flexion block. The EMG
amplitude of each one of the subject’s muscles was first expressed as a percentage of amplitude
observed in that muscle during the first trial and then the mean was calculated. Note the absence of
habituation between the first startle trial (the first trial of a block) and the seventh startle trial (the 20"
trial within a block). B, Similar to previous panel, but for rotation movements. C, Mean amplitude + 1
S.D. of similarly normalized angular head kinematics. OO, orbicularis oculi; MAS, masseter; SCM,
sternocleidomastoid; PARA, cervical paraspinal muscles, 1, left; r, right; o, head angular acceleration;
, head angular velocity; 6, head angle.
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better candidates with which to study the potential summation of startle and reaction-time muscle
responses. Two head movements, flexion and axial rotation, were used so that the within-muscle
effects of startle could be examined in different muscle synergies during otherwise similar states of
readiness. It was thought that a comparison of the muscle response between these two movements
would provide additional information with which to evaluate whether the muscle response produced
by the startling stimulus was a temporally-advanced, but otherwise unaltered, version of the reaction-
time muscle response, or the summation of a startle response and a temporally-advanced reaction-

time muscle response.

2.4.1 Mauscle Response

The onset of neck muscle EMG activity in the current study occurred earlier in startled
movement trials than in reaction-time trials. Compared to RT trials, the onset of the response in the
different neck muscles during ST trials was neither proportionally scaled forward in time nor biased
forward in time (Figure 2.2C, D). Instead, activation of the SCM and PARA muscles during ST trials
appeared to be aligned with activation of these muscles during the startle-only control trials.
Therefore, the onset of EMG activity in the neck muscles during the ST trials was indistinguishable
from and consistent with the leading edge of the descending startle volley.

The amplitude of the neck muscle response in the current study was larger in ST trials than in
RT trials (Figure 2.1 and Figure 2.3A, B). This increased amplitude was inconsistent with the acoustic
startle reflex only releasing a pre-programmed movement resident in the brainstem and suggested that
some type of interaction between the startle reflex and prepared movement had occurred. One
possible interaction was a summing of the startle reflex and the movement; another possible
interaction was a scaling of the movement with the intensity of the acoustic stimulus. A comparison
between the ratios and arithmetic differences of the EMG amplitude from the ST and RT trials
indicated that the larger muscle response during ST trials was due to an upward bias in the EMG
amplitude rather than a proportional upward scaling of the EMG amplitude (Figure 2.3C, D). This
bilaterally-symmetrical and movement-independent increase in EMG amplitude for both neck muscle
groups suggested that the muscle response during ST trials was not just a prepared movement
released by the acoustic startle reflex, but rather the summation of a temporally-advanced movement
and a generalized neck muscle activation due to the startle reflex.

. The apparent summation of a startle reflex and a pre-programmed reaction-time movement
was also examined by comparing the EMG amplitude in the control trials to the magnitude of the

upward bias observed between the reaction-time and startled movement trials. This analysis revealed

that the upward bias was unrelated to the magnitude of the muscle response in the startle-only control
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trials. The results of such a comparison, however, must be considered cautiously because the level of
baseline readiness in the unwarned startle-only control trials was not the same as the level of
readiness in the forewarned startled movement trials. In contrast, the level of motor readiness in the
startled movement trials of the flexion and rotation movement blocks was likely similar and therefore
a comparison between the startle-induced increase in EMG amplitude between the two different
movements was preferred. Though needing cautious interpretation, the comparison between the EMG
amplitude of the control trials and upward bias between RT and ST trials did demonstrate that the
startle reflex could generate sufficient EMG amplitude to account for the upward bias observed in the
startled movement trials.

Increased EMG amplitude was not reported by Valls-Solé et al. (1999) in the distal limb
muscles they studied. One possible explanation for the difference between studies is the more variable
and less robust startle response in distal limb muscles than in neck muscles (Brown et al., 1991a;
Chokroverty et al., 1992; Vidailhet et al., 1992). The superposition of a small startle-related bias on a
comparatively large movement-related distal muscle response may not have been qualitatively
detectable by Valls-Solé et al. (1999). Another potential explanation for the difference between
studies is the variable foreperiod used in the present study and the fixed foreperiod used by Valls-Solé
et al. (1999). This protocol difference may have produced differing levels of preparatory activity in
the cortex, brainstem and spinal cord and the specific state of this preparatory activity may have
affected the startle-induced muscle response. A third possible explanation for the difference between
studies lies in the brainstem circuits mediating the acoustic startle reflex and is developed more fully
below.

A number of different pathways for the mammalian acoustic startle reflex have been
proposed (see summary in Yeomans and Frankland, 1996). All of the proposed pathways include an
initial synapse in the cochlear nucleus, which then either monosynaptically or disynaptically, via
neurons in or near the lateral lemniscus, terminate in midbrain reticular nuclei. The axons of the
reticular nuclei then synapse either directly, or indirectly via spinal interneurones, onto spinal
motoneurones. Giant neurons in the nucleus reticularis pontis caudalis (nRPC) are thought to be the
sensorimotor interface of the startle reflex (Wu et al., 1988; Lingenhohl and Friauf, 1994; Koch,
1999). Large-diameter descending axons from these giant neurons have both sufficiently diffuse and
multi-segmental spinal connections (Lingenhohl and Friauf, 1992; Lingenhohl and Friauf, 1994) and
sufficiently high conduction velocities (Wu et al., 1988; Lingenhohl! and Friauf, 1994) to be strong
candidates for carrying a descending startle volley. Corticoreticular fibres from the primary motor
cortex and pre-motor area also terminate in the vicinity of the reticular nuclei and may provide the

reticular nuclei with sufficient information of the impending movement for the reticulospinal fibres to
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modulate reflex actions and to coordinate posture and movement (Matsuyama and Drew, 1997; Kably
and Drew, 1998).

Based on their observation of an accelerated motor programme without increased EMG or
movement amplitude, Valls-Sol€ et al. (1999) proposed that sufficient detail of the planned movement
might be stored in the brainstem and spinal cord so that the movement could be triggered by the same
reticular structures responsible for the startle reflex. Moreover, these authors suggested that the
reticulospinal system might be an important response channel for ballistic reaction-time tasks. Both
proposals are consistent with the startle pathways described above. In the present study, however,
EMG amplitude was larger in ST trials than in RT trials, and the increase in EMG amplitude
consisted of an upward bias that was seemingly independent of the EMG amplitude present during the
voluntary movement. This bias was difficult to reconcile with a single descending pathway and
suggested that parallel pathways might be responsible.

Pellet (1990) has shown that the head and neck startle may be mediated slightly differently
than startle in the.limbs. Pellet (1990) observed that another reticular structure, the nucleus reticularis
gigantocellularis (nRG), has monosynaptic connections with the neck muscle motoneurones and may
be excited independently from the nRPC during startle. Moreover, axonal branches from acoustically-
driven neurons in the nRPC terminate on neurons in the nRG (Lingenhdhl and Friauf, 1994). Pellet
(1990) proposed that parallel pathways between the cochlear nuclei and the neck muscle
motoneurones via the nRPC and nRG might mediate different components of the startle reflex in the
head and neck. Such a parallel arrangement might explain a muscle response which simultaneously
consists of a bilaterally-uniform increase in neck EMG amplitude, perhaps mediated through one of
the reticular nuclei, and a temporally advanced version of the reaction-time movement, perhaps
mediated by pre-movement facilitation or inhibition through the other reticular nucleus. Therefore,
differences in the neuroanatomical pathways for the startle reflex of the neck and limb muscles may
explain why increased EMG amplitude was observed in the present study using neck muscles but not

observed previously in distal limb muscles (Valls-Solé et al., 1999).

2.4.2 Kinematic Response

Like the muscle response, the peak head kinematics occurred earlier and were of greater
magnitude in ST trials than in RT trials (Table 2.1). Once initiated, however, the temporal aspects of
the movements observed in the ST and RT trials wefe remarkably similar. No differences in the
relative timing of acceleration onset and peak angular head kinematics were observed between the ST

and RT trials involving the rotation movement. For the flexion movement, differences between the

ST and RT trials were present only during the acceleration interval. Within this acceleration interval,
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two contrary effects were observed. The sub-interval between acceleration onset and peak angular
acceleration was longer in flexion ST trials than in flexion RT trials, and the sub-interval between
peak angular acceleration and peak angular velocity was shorter in flexion ST trials than in flexion
RT trials. The reason for this pattern and why it appeared only in the flexion movement is not known,
but it may be related to a flexor bias observed by some in the startle reflex (Landis and Hunt, 1939;
Davis, 1984).

Although the analysis of EMG amplitude suggested that the RT movement was preserved
atop the startle-induced bias in ST trials, the movement kinematics were larger in ST trials than in RT
trials. These kinematic differences indicated that the forces generated by the muscles were larger
during ST trials than during RT trials, even though the difference in the amplitude of the EMG
measured from these muscles remained the same (Figure 2.3F). The reasbn for this apparent
discrepancy between the muscle and kinematic responses is not known, however, factors which might
have contributed to this phenomenon are temporal summation due to possible differences in the rate

of muscle activation, or the recruitment of different or additional motor units during ST trials.

2.4.3 Habituation

An unexpected finding in the present study was the absence of habituation in all four muscles
during startled movement trials over the 15-minute interval required for both blocks of trials (Figure
2.4). This finding contrasted sharply with the clear habituation observed over the three control trials
placed before, between and after the two movement blocks (Figure 2.1). This difference in
habituation suggested that readiness to move facilitated the startle reflex. Moreover, since the first
startled movement trial within each movement block was only preceded by mental preparation for
that movement, practice was not needed for this readiness to facilitate the startle-induced muscle
response.

Reduced habituation to startle has previously been reported in both MAS and SCM using
acoustic startle superimposed on a visual GO stimulus in an upper limb reaction-time task (Valls-Solé
et al., 1997; Valldeoriola et al., 1998). The difference in habituation rates, namely the absence of
habituation in the present study compared to the reduced habituation in the previous studies, might be
explained by differences in subject readiness. Readiness to perform a voluntary RT task has been
modeled using separate facilitated motor and sensory systems (Silverstein et al., 1981; Brunia, 1993).
The motor preparation aspects of the current reaction-time task were similar to previous studies
(Valls-Solé et al., 1997), although the involvement of the SCM and MAS muscles was different.

SCM was a prime mover in the current study and MAS may have helped stabilize the jaw during the

rapid head movements. These muscles were likely not involved in the limb movements used by Valls-
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Solé et al., (1997). Sensory facilitation in the current study, however, was likely quite different from
these previous studies. In the current study, the warning, GO and startling stimuli were in the same
modality and therefore a facilitated auditory system may have generated a large afferent signal. In
contrast, previous studies (Valls-Solé et al., 1997; Valldeoriola et al., 1998) had subjects focus on a
visual GO stimulus — a task that would have facilitated the visual system and may have inhibited the
auditory system againét an acoustic startle. A sensory-mediated difference in habituation rates
between studies was consistent with previous reports of larger eye-blink EMG amplitudes during
acoustic startle when subjects attended to acoustic rather than visual stimuli (Schicatano and
Blumenthal, 1998; Lipp et al., 2000). Whatever the explanation of the short-term elimination of
habituation observed here, an experimental protocol that eliminates habituation to startle aliows
increased use of acoustic startle as both a clinical and research tool to study the central nervous
system.

A small asynchrony in the activation of the left and right SCM and PARA muscle during
startled rotation movements suggested that subtle temporal-aspects of the reaction-time movement
were preserved even when the movement was temporally advanced by the startling stimulus. If pre-
activation of the right SCM muscle in a movement dominated by the left SCM muscle is accepted as
evidence of an anticipatory postural adjustment (APA), then the preservation, and indeed the séaling;
of this activation asynchrony may be evidence that APAs and focal movements are coupled at or .
below the level of the brainstem. Although it was unclear whether this asynchrony represented an
APA, startle may be a potentially novel method of studying the coupling of the focal and postural
components of movements.

In summary, the results of th