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~ Ximplementing their responses. In addition, the cortical and cerebellar patients _

demonstrate increased variability in an internal timekeeping process. A small :

number of basal ganglia (Parkinson) patients also showed a deficit in the timing 3

process. These results are accounted for by postulating that the timing of ) s

interval can only commence once the central command for the preceding response .9

has been issued. Thus, deficits in any central neural system can affect the

integrity of the timing process. MNonetheless, the cerebellum appears to play a

primary role in timing functions since the cerebellar patients were the only »

group who showed a deficit in the perception of time task. L
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Components ot the motnr program:
The cerebellum as an tn . *rnal clock.

Richard 8. Ivry and Steven . keeie
University of Oregon

The concept of the motor program has proved useful to researchers atzempt.ng
to explain how voluntary movements are controiied. ~s deveioped by renrr ang
rKogers (1740) and extended by Keele (1968) among others, the motor program .3 a
abstract representation of an intended movement, containing NOt oni¥ the SIa: o7
the action and the existing environmental conditions, but alsc the possit 2

2 Means
or which the movement couid be achieved, The motor program i1s anaiagous To tne
role of software used by computers: Flexibie as a function of the Input, SG°

constrained within the limitations of the hardware. The program 1s the most
general description of the capabilities of the system,

~ logical extension of the computer metaphor is to consider what mas Ce the
internal procedures which form the motor program. RS a starting point in 2ur
eftort to develop a computational model of motor control, we have tried o
nrpothesize what may be the basic procedures contained in the motor program, *=
instanz+ ::zme o+ the computations that mav 2: -:quired coulid nuoive Zrocadurs
to control the selection of muscles, the sequencing of the seiected muscies, ar
the specification of the the torce and time parameters for each of the selsctes
muscles. <(see Figure 1) Thus, to throw a basebail, the srstem must seiect wn zn
arm to use, sequence the many musclies which are invoived i1n the act of throwing
vas well as make the necessary postural adjustments via other muscies), angd se:
the activation levels for each muscle., A fastball and an off-speed pitch mas
invoive identical temporal patterns with the only difterence being that the +crce
cutput 1s increased for the tastball, On the other hand, throwing a curvecail!
mar require an additional movement segment in which the wrist 1s snappea at a
particuliar point in time,

ive recognize that these hypothesized procedures mar not be the actuai ones
embodied in the nervous system {e.g. Stein, 1Y82; Feidman, 1?8s,, For exampie,
higher order variables such as velocity mary be the actual computational praoduce
rather than the consequence o+ the interaction of force and timing tactors.
certainiy the simple model outlined in the preceeding paragraph requires 3 uar:>
complicated control mechanism which keeps track of tne various computat.ons.
Nonetheless, 1t is stiil possible that even 1n a more heterarchica: mogel G+
motor control, some of these computations may be explicitly determinea.

We have emplored a three-pronged research strategy 1n cur effort to
determine the valsdity of these procedures, Uur i1nitial efforts using the
correlational approach has been the subject of previous publications 'Keele,
Pakorny, Carces, and Ivry, 1985a; Keele, lvury, and Pokorny, subm,tted:. in :these
studies we have tested the notion that there may be general +and independent.
procedures for force and timing. If there exist mechanisms which are responsiGis
at an abstract level for the computaticon of either force or timing, then we
should +ind correlations across tasks which make use of CcommGon pProcegures unger
divergent experimental conditions. We have found this prediction to be borrne
sut. For instance, subyects who are good at maintaining an arbiirar. ~RTOM wWith
one ettector such as tne hand are aisoc good at tne came task wnen uzing a
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difterent effector such as the foot {Keele et al, 1785a). More suprising, trere
15 a correjation between subjects” ability in timing production tasks ang tests
of timing perception when the durations of time are comparable across the tug
domains. We take these results as providing strong evidence +or a common
timekKeeping mechanism which is used in both production and perception funct:ons
which involve time-related decisions.

We have found similar, high correlations in motor production tasks whicn
examine subjects” abiiity to control their force output (Keele et ai, suomitred:,
Importantly, we have found that these results can not easily be accounted +cr ow
postulating some general factor which supercedes these more, specific factors. K
I+ this were the case, we would expect to find high correlations across fests o+ *
timing and torce or between either ot these tactors and a third, indepengent
tactor., We have not tound this to be the case.

A second paradigm which has been used in our laboratory to studr the
procedures of the motor program rests on the dual-task methodology. The i
this approach is that one should observe more interference between two tasks
which share a common procedure than between tasks which can be performed
independently. The results of one extensive study using this approach are
reported in FPokorny «1783), ihile not contradictory to the correiationali
+indings, the interpretation of these experiments oniy indirectly support tne
notion of a common mechanism which may be used in both the production and
perception of time.

A third way in which we have been investigating the validity of these
h¥pothesized procedures is by testing patients in an attempt to demonstrate
certain neurological deficits are associated with difficulty in zpecific ta
We beiireve that our correlational work has yielded model tasks which can as
tne functioning of separable components of the motor program such as farce I
control or timing. ODifferent patient groups can then be tested on tnese same
tasks in an effort to show dissociations between the patients as a functicn of
the location of their neurological lesion., To give a hypothetical exampisg,
suppose that we found that patients who had damage in the supplementary moticr
area had difficulty in our force control task whereas Parkinson patients,
cerebellar patients, or patients with lesions in the primary motor cortex 213
not. This would then imply that the supplementary motor area piavs a primar
role i1n the regquiation of force cutput, or at Jleast is part of a force Coniroi R
pathway.

In this report, we will discuss our preitminary resuits using the
neyroiogical approach on the timing procedure. We have tested a number of
gifferent populations on our timing tasks including botn colilege-aged and
controi groups and patients with either cortical or subcorticai lesions. .

Frevious research in our iaboratory «lding, Keele, and Margoiin, 1724 naa .
revealed a deticit in timing functions, at ieast in our productian tazk, in a -
patient witn unilateral svmptoms of Parkinson s Disease. The primary
neurological damage in Parkinson s Disease s presumed to be in the dopamine
pathwars of the basal gangita. However, in another single subject study .kxeeie,
Manchester, and Fafal, 1785bs, a patient with unilateral gamage to the cerepe’ .ym
was also found to have a difticulty in producing regular timed intervals. Take-
together, the two case studies would appear to implicate both subcortical
structures in timing functions and thus bolster the argument that timing mas
1nvoive some sort of pathwary which passes through both regions. The percepricn .
ot time tisk may De one wavs tn which we could test wnether either region plars a '
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primary rcie in timing, However, unlikKe the motor systeme which are generalis
lateralized, the auditory input pathways project to both the contra- ana
ipsi-lateral side, at least at the cortical level (Moyer, 1930,. Littie worv hasc
been done on auditory projections to the basal ganglia and cerebellium <but see
feo, Hardiman, and Glickstein, 1785b). Given these facts, the perception tazn
does not easily lend itself to the singie subjyject methodcliogy.

It shoulid also be noted that we have found results which contradict those
cited above. For example, many Parkinson patients show no deficit in the timing
task. These divergent resultd could be accounted for Dy the fact that
Parkinson's Disease is not a singie patholiogy characterized by common
symptomoliogy, but rather can be manifested in a variety of wars., The various
+orms may be the result of ditterential damage within the basail gangiia or
ditterent organization of the basal gangiila across patients,

The wide range of results we had found 1n our initiral neuropsrchoiogizal
2xperiments led to a change in strategr in which we decided to empior 3 Jroup
study design in addition to the single subyect studies. The relative merits o<
eacn approach have been extensively debated in the neuropsrchoiogical literaturs
te.g. Kertesz, 1983). Case study reports can be extremely informative since the
same subject provides both the control and experimental data. However, thisz
approach may lead the researcher to emphasize the exception rather than the rui
Group studies, by definition, avoid this potential pitfall. However, ther can
quite ditficult with human neurological populations since the lesion will wvars
greatly trom subject to subject. This would tend to obscure any common deficiz
which may exist across the patients. The best way to overcome this probiem, o+
coyrse, 15 to have a sufficiently large number of subjyects in each group, tnus
increasing the probability that any differences between the groups will emerge.

it has not been difficult for us to locate Parkinson patients for our
studies, either through neuroiogy clinics or patient support groups. However,
cerepellar patients have proved to be much more elusive, Jur desire 1o zonduct
group neurgpsychological research with cerebellar patients was made possibie b
our assoctation with Dr. Christopher Diener of Tuebingen University 1n West
Germany. Dr. Diener is a neurologist at the medical schooi in Tuebingen ana, 1n
conjunction with Or. Johannes Dichgans, has established an outstandging ci nicai
and research laboratory specializing in cerepellar disorders. Dr., Liener :nu,teag
us to visit his Taboratory and test a number of his cerebellar patients cn cur
motor and perceptual tasks., 1In addition, he provided us with atcess to cther
patients who were at the clinic.

There are a number of converging Jines of evidence which have led
researchers to suspect that some of the functions of the cerebelium inupive
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timing control, Une of the first theoreticians ta explictrtiy impitcate the
cerepelium in timing functions was Braitenberg who published an articie in i%a”
titied, "Is the cerebeiiar cortex a biological clock tn the miiiiseccna range -’

as the intuitive cuimination of his anatomicai observations tsee also Braitenberg
and Onesto, 1962; Braitenterg, 1963). Braitenberg was struck by the unusua:
histoiogical invariance of the cerebellium such as the absence of folds acrose tre
toli1a and the flat dendritic trees of the Purkinje celis. Thige tnwariance e0
him to suspect that the cerebellar cortex performs some simpie, unitary
operation. Using this assumption as a starting point, he then noted that z
single parallel fiber will make contact with hundreds of Furikinye cells, byt with
oni» a singie svnapcse per PurkKinge due to the orthoQonal ar-angement Detween tne
parailel tibers and the FPurkingye cellis. Braitenberq points out that *he common
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source ot this signal would be tost unless the system can incorporate some sort
of scheme based on delay lines which vary as a function of the adictance between
the input and output signal, Parallel +fibers appear to be well suiteg for acting
as delay lines since they are some of the slowest conducting axons in the nerwvgus
syvstem. However, unlike most slow fibers, the parallel fibers cover refativeir
large distances. For instance, a chain of parailel fibers from one side of ne
cerebeilum to the other (another oddity of cerebellar anatomy ic that some fipersz
are continuous across the midline) may extend a distance of 100 mm, 3Since tne »
conduction velocity within these fibers is approximately 0.5 mm sec, +Braitenberg ]
and Atwood, 1958}, this 100 mm. chain could provide a delay signal of about 200 |
ms.

(PR

Gepsite tne elegance of the theory, Braitenberg has since come to view tne
basic conception ot simple delay lines as inadequate due to some
neurophrsiclogical observations. Primarily, the problems lie in the fact tnat -
the results of Oscarsson 11980) have shown that somatotopic representations
within the cerebeilar cortex tend to cover much shorter distances «i.e., zcme as
smali as 1 mm for the entire cat) and thus the maximum delay iine which can be
acheived in this distance is toc small to be meaningful in motor coordination
tFahle and Braitenberg, 1984). Nonetheless, Braitenberg in th:
most recent paper is not dismissing the role of timing entireiy, out rather
believes some higher order derivative may be the true computational output ot tne
cerebellar cortex. The proposed computation is that the cerebellum matcnes :ne
arnamic characteristics of movement to minimize the mechanical waves generated b- .
the muscular contractions. Thus the computation of time is stiii ezzential, ourt s
oniy perhaps implicitly as one of the variables of veliocity detectron. in tne
zame spirit, Pellionisz and Llinas (1782Z) have argued that the cerebeiium can oo
viewed as a neuronal device for jointly mapping space and time ontc a common
dimensional space. ’

While the preceeding arguments were based on anatomical observationz, mans :
c'.uical and experimental results can also be interpreted as supportive of tre .
hrpothesis that the cerebelium mar function as a timing device, The pioneering
work of Hoimes (summarized in Holmes, 1939; see also Dichgans and Diener, 173
«dentified two of the more common symptoms of cerebellar dvsfunction: dvsmetria
3rz Z-.-:Giadochokinesia, Dvsmetria describes the inabiiity to succe Veoq
37 a1 dJesignated target., Following lestons of the cereceiiar hem.zp
geep cerebeliar nucler, particularly the lateral zZones ana the Qgent
the patient S movements are usualiy hypermetric, that 1s, ther tend ‘¢
the target. ODwrsdiadochokKinesia 1s generallv seen in theze same pati1ents, . n.
term describes the inabtlity to rapidiy alternate between a pair of movemen:t:
irivolving antagonist muscles such as pronation and supination of the arm - 3es
Eccies, 1977?35, Both of these cerebellar signs have been interpreted as ce.n
the result of a breakdown in the patient's ability to time the crzet and ot
5t the antagonist muscles, For inctance, the hypermetric movement guersnoo:
target because the muscuiar activity 1s not properly terminated. ~

Evigence from researchers using electromvography (EMG) supports th s
h-pothesis 'Hallett et al, 1779; Marcsgen et al, 1977, Hailett et ai .1%7%,
ccamined the EMG records of patients who had tncurred varicus torms ot cersgel . ar .
iesions over : range of movements. They found that cerebeliar patients di1d not )
tend to show ainy gefictt 1n making smooth, s$i/ow movements which on,» required tne
continuous activation of the agon = = &r, when the came movement: .
were made ballisticaliv, almost all ot the patients showea EMG acnorma: 1 ties.  on
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general, the EMGs assoctiated with rapid movements appeared normal in terms of the
initial onset ot the agonist burst., However, the duration of this burst tendedg -
to be longer than normal. In addition, the onset time of the antagonist and the X
duration of the antagonist were also disturbed. Marsden et al <i%¥77) have
reported similar results concerning the duration of both the agonict and
antagonist burst. Lengthening of either the duration of the first agonict burst
andsor an increase in the delay of the antagonist burst could account for oath
drsmetria and drsdiadochokinesia,

Animal models have further demonstrated that dysfunction in either the ‘
cerebellar hemispheres or deep nycle: can disrupt the Kinematics of rap:d |
movements “Conrad and Brooks, 1774; Beaubaton and Trouche, 1982; “ilas and Hore,
1?30>. These results have also tended to show that permanent or temporary .
lesione tend to be more disruptive for the antagonist response, the muscular
burst which 15 assumed to provide the braking force in rapid movements., *“/1las -
and Hore +1980) have even attempted to account for the intentional tremor zeen :n .
cerebeliar patn: -, on the basis of disruption in the braking srstem, The
cerebellar :=zuoyect is assumed to have lost the capacity for anticipating when *o h
inttiate the braking process and thus becomes dependent on aftferent input n :
order to trigger the antagonist response. Thus the antagonist appears later than
normal, Furthermore, a second agonist burst which is presumed to serve as a
damping mechanism is similarly delared and thus a seriec of oscillaticns, the

it

G

intentional tremor, is produced. :1
One final line ot evidence that the cerebellum is involved in timing "]
functions comes from the recent work of Thompson and his colleagues in the area .

of motor learning {reviewed in Thompson, Clark, Donegan, lLavond, Linccln, Madden,
Mamounas, Mauk, McCormick, and Thompson, 1984>, These researchers have caretui. -
established that the integrity of certain structures within the cerebellum are g
essential in the development of conditioned responses in classical conditioning. -
Their studies lead them to believe that the interpositic/dentate nuclei paiy a
critical role in the storage of the conditioned response <but see veo et al,
1785a; 198Sb). Moreover, thev have also found that lesions of the cerebetlar 3
hemispheres may not aboiish the conditioned re:ponse, but mav seriously disrupt
the timing on this response (McCormicK and Thompson, 1984, It is mportant t5
Keep in mind that the onset of the CR is linked to the onset of the aversive
ztimulus <US) which follows the CR rather than being linked to the C3 whicn X
preceeds the CR. The anticipatory nature of the CR strongly suggests expiicit 3
timing and the disruption of the timing of the CR following lesians ot the
cerebeilar hemisphere further supports the hypothesis that the cerebelium piarz a
praimary roie 1n timing,

It should be made clear, though, that the abnormalities i1n the EMG prot, iz
and the conditioning results can only be viewed as i1ndirect evidence fcor timing .
deticits., riternative expianations which do not i1nvoive a timing mecnanism could 4
be invoked to account for these results, For instance, one might specuiate *‘nat
the onsets and otfsets ot the EMG bursts are regutated by teedback from the
periphery. Cerebellar lesions may disrupt the required feedback loops anc this N
may lead to the cbserved abnormalities. Another alternative 13 that *ne
reciprocal EMG activity commanly obser ved in ballistic movement 15 controlled
without any explicit timing, It is hoped that our experimental taske provide a
more direct test o+ timing functions.
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Subjects:

In this preliminary report, we will only provide a summarv descripticn of
the neurological evaluation of the different patients, The authors were
assisted at all times by a number of neurologists who performed clinical esting
and, when available, CT scan reports.

Parkinson’s Disease patients: The Parkinson patients can bDe separated .nig
three, distinct groups: The Eugene group (n=12, mean age=66.8, sd=8.8) and the
German group (n=11, mean age=58.0, sd=9.9) were all tested with the zame
protocol, the only difference between the groups being that the location was
different and that the latter group was instructed with the aid aof an
interpreter., All ot these subjects were tested without any changes i1n their
normal medication schedule. The On-0+f group <n=7, mean age=¢é3.1, =d=7.7) was
tested in two separate sessions: Once in which they were in their normai
medication cycle and once in which they had skipped their morning medication
periods. Four of these subjects were first tested when ther were "o¥+"
medication and the other three were first tected when they were "on" medication.
Each session was usually separated by one week.

Cortical _patients: The cortical patients were tested in Germany +n=8, mean
age=5§8.4, sd=7.9). They had all incurred lesions which extended into the
cxEteriar region of the frontal Tobe. A1l ot these subjects showed some
hemiparesis on the side contralateral to the lesion, There was no clinical gor
radiological evidence that any of these patients had damage in any subcortical
regions.

Lerebellar patients: There were a total of 22 cerebellar patients vn=22,
mean age=45.7, sd=16.1), of which 19 were tested in Germany. Most of tne
subjects <n=16 1n this group had been diagnosed as showing signs ot cerebelliar
atrophy on the basis of clinical examination andsor CT records. The degree ot
atrophy varied from mild to severe and in some cases, the atrophy was sucpected
to have extended into nuclei that project to the cerebeliium (e.g.
olivo-ponto-cerebellar atrophy)>. The remaining cerebellar patients had incurreg
either vascular accidents within the cerebelium (n=5) or had undergone surgery
tor the removal ot a cerebellar tumor «n=1),. We have tested cther patientz +cr
whom the primary diagnosis was cerebeltar ischemic lesion, but have exciudeag
thecse patients because there was some evidence that the damage had e<tended intg
brairn stem structures.

Peripheral neuropathy patients: This group included 4 subyects .mear
age=55.8, sd=18,8) who had experienced some moderate impairment of their handg
coordination due to peripheral nerve damage. Two of these subjgects rnad ulinar
nerve damage, one medial nerve damage, and one had sutfered a pinched neruve 3z°
the level ot the shoulder. In some of these patients, the neuropathy haa
produced muscular atrophy (see lvry and Keele, 1985 for a more thorough
ziscussion ot one of these patients), Our criterion for this group was not so
much based on the tvpe of peripheral neuropathy, but rather that the suybject
e«perienced some difficulty 1n making finger movements due to a defiCit which 219
not i1nvolve subcortical or cortical structures,

sensory ioss patient: One subjyect cage=6l1 vears) who was functionailr
deatferented below the level of the elbow on the right side. The polrneuropath.
was the result of mercury porsoning and had produced complete losze of ail deep
and surtace sensation. Motor functions appeared to be normal exucept +or zome .
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mi1d atrophy of the smali hand muscles. The left arm of this patient had oeen
amputated and thus we were not able to make any within subject comparisone,

Epileptic subjects: The epileptic subjects (n=z%) were tested on tre
perception tasks onir. These tasks were included in & batterv of
neuropsychological testing conducted as part of the assessment procedure to
determine the eftects of temporal icbectomy surgery on perceptual and cognitive
functioning. The patients are thus severe, chronic epileptics in which the
sei1zure disorder has a primary focus in the temporal lobe. & of these subjects
were scheduled or had undergone a left temporal lobectomy and the rematning 13
had a right-sided disorder, The mean age ot these subjects 1s not presentix
availiable, but almost all of these subjyects are between the ages ot 16 ana 30,
Some o+ the epileptic patients were tested both betore and after surgerr. MNC
di¥terences were obz=: -z and thus onls the t+irst score ootained from each
subject will be reported. Some of the subjects were only tested post-surger«.

fontrol subyects: Two groups of control subjects were tested. UCne group
was composed of colilege age students (n=24) who volunteered for the experiment In
order to ful+ti1ll requirements for psychology courses at the University ot Jregaon.
“11 of these subjects were below the age of 25, The other group was composed of
subjects who were above the age of S0 <n=10, age=é85.0, sd=%.5). @All of these
subjects reported a medical history which was free of any neurological propliems,
These subjects were paid $3 per hour. <Any patients tested in Oregon were aizc
paid 33 per hour. The German subjects were not paid.)

Procedures:

The tasks which were used in these experiments nave all boen used in
preuvious experiments (Keele et al, 1985a:; Pokorny, 1785; Keele et ail, subm:‘ted
The reader i¢ advised to conzult these manuscripts for detailed descriptions o
both the methodologies and the underiying logic supporting each methodolicgr. w~
briet description of the tasks will be provided here.

1. Production of time (Tapping Task): The subject was seated with the arm
used for tapping resting on a table, palm down. The subject placed the
designated effector on the lett most microswitch mounted on a wooden block., Tre
designated effector was usuaily the index finger of the subject s dominant nang
uniess the neurological deficit dictated otherwise {(i.e. the attected hand was
the non-dominant hand tor lateralized patients). Fressing the microswitch
provided a puise to an Apple Il computer which recordea all recsponses to the
nearest millisecond.

Each trial began with a series of S0 ms., tones .85 dB. A’ whicn were
presented at regular intervals of 550 ms., This pace 13 100-15C me. <lower thar
the pace which we have used in most of our previous experiments, However, o
work with Parkinson patients showed that the faster paces might approach the,
max<imai tapping rate, The subject was instructed to begin tapping aiang w. th
the tones once he had internally establiished the desired pace. rfter tne
subject s firct response, 12 more tones were presented during which time ihe
subject attempted to svynchronize hts responses. The subyect was instructeg tc
continue tapping at the same rate when the tones ended., wRfter 31 sel+-paced tacs
had occured, the computer signalled the end of the trial and feedback was
provided i1ndicating the mean interval produced with and without the toresz xng the
standard deviation ot the inter-response-intervals IRI,,

Each block of trials was concluded ance the subject had produced erther 3~
acceptabie triais tsequence of 12 paced and 31 unpaced responses) or <
ynacceptable trials. A trral was considered unacceptabie 1f anv [R] w
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trian or greater than 350 of the base duration <less than 279 ms. or greater than
825 ms.). The data from these trials were excluded from subsegquent analrsic,

This 1s an criteri1on which we have adopted i1n our previous recearch with normai
since such deviant values could be due to either tremor or insutficient force t
register a response. All subjects performed 1n at least two blocks of tapping
tri1als and many {noted in the results section) participated in additional ticck

Our analysis of the tapping data is based on a theoretical model of the
timing of repetitive movements that was developed by Wing and Kristofterson
19730, The model poztulates that the variability of the IRIs will arize from
two independent sources: a central timeKeeper and the motor implemenatation
system. In other words, the total variability observed in the tapping task :s
the sum of random variation 1n the timing mechanism which signais when a recspons
should be initiated and variability in the implementation system which executes
that command, These two processes are assumed to operate independently of each
other., They are further assumed tc be independent random variables with normal
variances signified by e&_(c for clock) and wa,(md for motor deiay:.

Figure 2a depicts these procecses in a hrpothetical series of responses in
which the variability of the timekeeper is zero, Each IRI is thus the sum ot a
timekeeper interval plus the difference in motor delays associated with the
inrtiation and termination of that response:

T,= Cox N - N,
Since the two sources of variance are independent, it follaws that :
> N ¢S
\ e;t = €5L *"}sb““
1, Q)g is directly obtained from the subyect’s data. It is the variance
responses around the subject’s generated mean interval iwhich is espected 1

o
art+t only slightly). The essence of the Wing and Kristofferson i1%73) mode? s
that both of the two scurces of variance can be ectimated from the couvarianc

o

Q

"

e

function of the series of responses, In short, a randomiy large motor deiay will

produce both a long preceding response and a short following response vas znown
at I3 and I4 in Figure 2a»>, It (s important to note that this foliows because

Rt e BAn 0t i

2

f 2y

the delars are independent of the timekeeper pulses and are not the resuit ¢ an.

teedback process. That 1z, motor delay variation involves a negative couvar:anis
Cetween successive intervals, and the magn:tude of that variance seruwes o
estimate motor deiay varitance (2). Figure 2b, which depicts an anziagous zer &:
2t taps 1n which Qﬁ;‘equals zerao, zhows that there 12 no simiiar depengencs
Detween successive intervais as a function of imprecizion :n the timeksepsr.,

Thus, an estimate ot Q>“°|s obtx.ned +rom the lag one autoccvariancs, 7 more
zpecrficall o .
= -9
ey \N = "
= *10N3. praduct ot the model ¢ that the covartance of aii syDIzeguent (213 inou
be zeirQ.

This two-proceszs model of periodic movement nas rece ved TufDar
number o+ difterent paragigms. Firet, ot or.otizal oamportance, g the tonading
that the model accounts well for th general autccovariance tynctions pr
normal cubJects. The correlation between successive (1ntervals (T 2,
negative as predicted "ling angd kristofterscon, 1373 whereas the o
tags greater than one 13 minimai, 5Second, Wing 1730 repcorted t
zztimate ot the timekeeper warvabil ity was related to the durat:c

3
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interval, This 1s predicted from the modei since aonly the frequency of

timeKeeper 1s adjusted following changes 1n the base duration, wherexs the TorIr

deiay 15 assumed to be constant,

2. Perception Tasks: All of the perception tasks “durat,on, loudnessz
» .. - used the same threshold procedure developed by Lieberman ang FPentian:z

:?3Z.. The Parameter Estimation by Sequential Testing (PE5T) procedure

determines the upper and Jower thresholds for a given criterion., In snort,

advantage this method provides cver standard threshold metnods fe.
ot constant stimuli) 1s that the subyect ¢ prewvious responses are
caicuiating the test values to be presented on each trial. Uniike
ztudy (Keele et al, 1935a) in which the threshold was defined asz an
deviation from the point of subgective equality assuming the log!t dJ:

st
2

af
-

-

the method

se
our DreiOus
&

we zadopted a criterion of 1.5 standard deviations n the present exper imen:

Thus the threshoids are approximately located at points along the icg)t
Qistribution at which the subyect 1s correct on approximatel, b, of ihe
This

'y

new criterion was adcpted in order to mawe the two threshoic points more

discriminable for the subjects. Simulation testing showed that the estimatec
thresnolds were at least as staple with this criterion as with cur previcys
criterion of one standard deviation., The difference Detween the upper ang i

threshold points were used as measures of perceptual acurty., For mozt of
groups these estimates were based on 25 judgements tor the uypper threshoi
judgements for the lower threchoid.

2a, Time perception: 3Subjects compared zucceszive inftervais gener
two pairs of tones. Each tone was S0 mz. n duration, plared 27 3 - - _7Ts
4B «Ar. and at a frequencv of 1000 Hz.. The cnset-to-cnszet int
ti1rst patr of tones was aiwave 400 ms. Jne second after the of
pair, the second pair was presented., On halt the trials the in
second patr ot tones was chosen in order to estimate the lcwer
the point at which the subject would correctly respond "shorter™ an 7i,
trials? and on the onther hal+ of the triais the upper threshcig was
the poitnt at which the subject would correctly respond "longer® on
trralsy, The logit distribution was divided into é1 equal steps with
between each step.

2b. Loudness perception: This task was inciuded in order to serue
control tor general auditory deficits, That i1s, difficulty in the time
perception task may not be the result of a specitic deficit in the timing
process, but rather, mar retlect a general 1nability tco process aud:tor:
[+ this were so, thosze zupyects who perform poorly in the time percepticn
snould also have gitficulty 1n making loudness judgements. Tne proceaur
imiar to the time percept.on task in that eacn troal inucived fwe Da,rs
ones separated bv one second. The tones within each pair were aiwars
by 430 me., and the duration of each tone was 50 ms. plared at a treguen
Hz., The voiume ot the two tones in the first pair waz 73 dB 'w~), wnere
veziume of the second pair varied. The subject judged wnether the vaolume o
second pair was louder or softer thatn the standara. s before, the logit
Jistrabutron was divaded into ol zteps with approximatel . 3,27 gb A0 Dec.

grval ue’w
t

2c, Eresquenc, perception: This task was inciuded as the aud.*or
rogur testing with ane group ot subgects, the temporal epilepss Qroup.
procedure was dent cal to that used in the cther tTwo perception tazez &
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that the second pair of tones varied in frequency as opposed tc either dursatian \
or loudness. Each of the 41 steps were separated br 1.14 Hz, .
3. Force Control: Many of the subjects were alsc tested on a force caonira: ]
task. The results of this part of our research will be reported in other &
publications. Details of this task can be found in Keele et al wsubmitteg), The X
task requires the subject to make finger presses on a response button situated .

gver a force transducer., Each subject used the same finger in this task as was

used in the tapping tasks. .
Order of tasks: o
Due to time limitations with the German patients and the Portland epiiept:c

patients, we chose to adopt a flexible strategr in sequencing the warious tasks, N

For instance, patients with peripheral neuropathies or those who had fesiaons

restricted to only one cide were run extensiveliy on the tapping task since we

could then test both the affected and unaffected hand in corder to obtain within

subject contro) data. These subjects might not then have ever been tectec cn :

either the perception or force tasks. The epileptic patients, on the other hang

were only tested on the perception of time and frequency tasks, the order being

counterbalanced across subjects, .
Most of the subjects, however, were initially tested in one of three zas.c

protocols. The first protocol was composed of: Tapping 1-- Time Perception--

Force 1-- Loudness Perception-- Tapping 2-- Force 2. 3Subjects tested with this )

protocol included the elderly control group, all of the Eugene ParkKinson aroup, +

most of the German ParKinson group and cerebeilar patients, and some of the
cortical patients., The order was the same for all subjects tested with this
protocol and the session took approximately 1.3 hours. 3Some of these subyecis
participated in additional testing sessions in order to obtain more iapp rng =

The second protocol was composed of: Force 1-- Tapping 1-- Force Z=-- T
Perception-- Tapping 2-- Loudness Perception-- Force 3-- Tapping 3-- Force 4.
The On-0Uff ParKinson group was tested with this protoco’ vith z single sezz.ion
taking approximately 1.45 hours. The third protocol involved: Tapping i-- T.me
Perception-- Tapping 2-- Loudness Perception-- Tapping 3-- Frequency
Perception-- Tapping 4. The College-Age control group was tested with this
protocol, each session only taking 1 hour.

It will be noted that, except for the epileptic subjects, we did not attemp:

me

o, B 0, B, 8, b A 8

.

to counterbalance the task order, but instead relied on constant protoccls. e .

telt this was most advisable due to the heterogeneity within each group anag -

because our most interesting comparisons are between groups. It 1s important 3 b
note, though, that in all three protocols, the perception of time task precsdes

the perception of loudness task. "
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Results

In the statistical analyses to be reported below, we have emploved t-teszstsz
in order to compare the scores from the different groups. We recogn.ze that this
may not be the most appropriate statistic, especially since the large number o<
comparisons will greatly increase the probability ot Trpe 1| errors (faiseis
rejecting the null hypothesis). However, this statistic 1s eas:iiy apptied when
there are an uneven number of subjects in the ditferent experimental groups, i°
ts also appropriate in a preliminary stage of exper:mentation when one wants t3
maximize the detection of differences that can then be confirmed .n subceqQuen?t
studties. WWe do wish to stress, however, that in this prelimtnary repori we are
more interested 1n the general pattern of results, rather than in maKing anv
strong claims based upon formal analvses,

Tapping results:

Before examining the tapping resuits, we need to point out two procedqures
which were appiied to the raw data, The tirst was designed to minimize the
increase in the variability estimate which would occur if a subject's respaon
tended to drift away from the base interval. To do this, a regression iine
titted through the 30 intervals produced by the subject and the var:apiiity wa
caiculated in terms of the deviation of each response from this trend line. 7
correction has the eftect of slightly increasing the motor delar estimate since
't minimizes the positive correlation between successive responses which
observed when the subject’s subjective base interwval ig either lengthening or
shortening.

The total variability score for each subject ¥rom a biock of six zuc
trials was then decomposed into separablie estimates of the timekeeper ang mo-c
delay components, This procedure vielded scme scores which appeared to inaicate
that certain assumptions of the Wing and Kristofferson (1773) model had been
violated. Generally, this involved a Lag | covariance estimate which was
positive. Wing <1977) has proposed four alternative models which may provias )
more accurate estimates of the timekeeper and motor delar estimz - : yhEn tne -
assumptions ot the basic model are violated. However, the data gid not insicazte
that any ot these models were more valid than the basic model, and thus we nave
assumed that the violations may best be attributed to the relativelr smaii gata
set of six triais per block., This led us to subsitute a motor deiar estimate ot <
zero whenever the Lag 1 covariance estimate was greater than zero and asszume that
all ot the variability was due to the timekeeper processz. Note that 1§ we 32 2
not make tnis subsitution, the estimate of the timekeeper variab.iity wouis cs
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greater than the total variability, a nonsensical result, ;
In our control groups, the percentage of violations of the basic 'Wwing ang "
Kristotterson model was 14,74 12.5% for the college aged subjects and 20% +or Y

the elderly control group). Most of these involved Lag ! covariance estimates
which were minimally above zero. The patients tended to chow 3 Jrfferent patiarn
of results. The peripheral neuropathy patients rarely demonstrated anxr
viociations 12X of all blocks) whereas the other patients produced Lag ! estimates
which were greater than zero on 20.3% of the blocks. The percentage was neuver
rhigher than 251 {the German Parkinson group) and was similar for each of the
cortical and subrortical groups.

Table | presents the results for each control and patient group tested cn
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the tapping task. Before turning to the main data of interest, a f2w pcints :
shouid be made. Firszt, as can be seen 1n the cecond column, a1 of the gZraups t
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produced mean intervals which were siightly chorter than the given pace interval
of 550 ms. This tendency is most apparent with the Parkinson patients, with some
ot these subjects averaging under S00 ms. At present we do not hawve any strong
insights concerning this finding (and it is not consistent across subjects:,. le
have explored the possibility that this tendency to speed up may te related to
the resting tremor exhibited by the Parkinsonians, but some tests of thiz
hvpothesis have not been supportive {unpublished data’.

Secondly, there were three patients in the cerebellar group and one in each
of the German Parkinson and cortical groups who were unable to complete the <ac«.
That 1s, ther were unable to produce a series of 31 responses in which ali c+ tne
intervals were within +-50% of 550 ms. It can be assumed that these subject:
would have increased the variability scores in their respective categoriec 1+ we
had not included our arbitrary criterion,

The third column of Table 1| presents the mean standard deviation of the IRI:z
tor each group. The tourth and fifth columns show the partitioning of this
cverali variability score into separable estimates of the variability associatad
with the timekeeper and motor delay processes, respectiveliy. The two controi
groups demonstrate that there is a considerable increase in variabtlity as a
function of age (ti32)=4,60, p<.05). Furthermore, this increase appears to oe
entirely attributeable to increased variability in the timekeeper process
{t032)=4,20, p<.05). A similar comparison of these groups motor delar estimates
revealed no differences (t(32)=0,43). <(But see Keele et al, 1783a for a sim:.ar
study in which a different pattern of results emerged.) Not suprisingiy, thne
performance of the college age group was superior to that observea with all of
the patient poputations.

The results of the peripheral neuropathy group provide a criticzi test of
the validity of employing the Wing and Kristofferson method in neuropsrcnoidgics:
testing. A strong prediction of the model is that any deficit that these
patients have should appear as inflated motor deiay estimates since tne
neurological damage is in the implementation system. As noted earlier, tre
timing processes are assumed to operate independently of the impliementaticn
svstem., The resuits for the four peripheral patients are highly supportive. Thre
clock estimate for this group is slightly lower than the eiderly control aqroup
whereas the motor delar estimate is almost 70 nigher. Thig predicted
dissociation Teads us to believe that the Wing method can be useful in trying tc
1dentity the neural mechanisms involved in timing.

In a much weaker sense, the data from the one functionaliy deafteresntes
patient 1s also supportive of the assumption that feedback is not inwoived in
getermining the clock cycle. This inference is based o.s the observatiorn that
this subject’'s performance was quite similar to that observed in many =t the
nealthy elderly subjects. The motor delay estimate of 13.2 is lower than :ihe
scores for four of these control subjects, but may still reflect some siignt
disruption in the implementation pathwars. Nonetheiess, performance 13 at Jeazt
moderately good,

Uf primary interest are the results of the subcortical and cortical groups.
The results for the three different Parkinson groups are remarrable conzistent.
5ince there were no statistical differences between these three groups, their
data were pooled 1n subsequent analyses. RAs can easiiy be seen in the tabie, <he
Farkinzon patients performed at least ac well as their age matched control orouc,
This finding i5 even more striking tor the On-0ff qroup sincCe the recu’*s
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presented in Table 1 are from the test session in which the subgects nad forgone
medication for appro:xaimately 12 hours,

The cortical and cerebellar groups, however, were much more variatie n ithe
tapping task than both the Farkinson patients (t:41,=3.9%, p<.05 for the
cerebellars; t(34:=2,37, p{.09 for the corticals) and the elderliy control group
(t(22)=2.79, p<.05 and ti15)=2.81, p<.05 for the cerebellars ang corticals,
respectively), In both of these groups, the mean estimates of clock and mctor
delay variability following the Wing decomposition 1s increased in compariscn %o
the ParkKinson patients and elderly control subjects. The statistical amairsesz of
these results, however, are not as straightforward and should be taken with a
large grain of salt considering the smxll number of subjects i1n the corticai and
control groups. In terms of the clock estimate, the cerebellar group pertormea
significantly worse than both the elderly control group (t(22)=2.0, p+.05 and
the combined Farkinson group (t{(41)=2.75, p<.05)., The clock estimate far the
cortical group does not difter signifticantly from either comparison group -it=}.zd
in both cases). On the other hand, the cortical group has a higher motor aelfay
estimate than both groups <t115)=1.,36, p<.05 for the control; t<34y=2.30, p+.23
for the ParKinson) whereas the cerebellar patients are oniy gigni+ Zar:® + 7.7 =
variable on this component than the Parkinson group +t{41)=2.,04, p{.05).

e strongly suspect that both the cerebellar and cortical patients will naue
rel:ably higher clock and motor delay estimates than both the control and
Parkinson patients when the number of cortical and control subjects is increased.
iWe are presently in the process of testing more of these two types of subjects in
order to make the number of subjects more equal across the different groups.

In summary, the group results of the tapping task indicate that both the
cortical and cerebeltlar patients are more variable in making periodic responses,
This increased variability is attributed to increased noicse in both tne ciocd anc :
motor delay components according to the Wing and Kristofferson model. Moreguer,
at present there are no differences between the estimates for these two groups an
either the clock (t{19)=0,84) or the motor delay <(ti1%)=-,11 components., It .z
uncliear whether these differences would approach significance if the number of
subjects 1n each group was increased.

In addition to the group data, we have alsc examined some subjectz from zzch ;
of the four neurclogical groups who presented the opportunity for making with
subject comparisons. This group was mostly composed of patients who chowed iargs
ciinical difterences between two effectors., e have included most cf t-ess
subjects: performance with their most atfected hand in the group data rev.swed
above. However, i1n a couple of instances in which a very different methodoicgy
was used {e.g. earlier research in our laboratory which was not conducted b~
kRBl), these subjects are only inciuded in the within subject analrsis. *

The usuail procedure emploved with these subjects was to alternate testing on
the tapping task between the index finger of the affected and unaffected hand.

e have never found any differences as a function of handedness 1n thig task nar

have we found any difterences between performance with the hand in comparicgcor *c .
the foot (Keele et al, 1985a)., Affected-unaffected index finger compar isons were K
made with seven cortical patients, five cerebellar patients, three peripnerai B,
neyrapathv patients, and three Parkinson patients.

There were three other trvpes of within subject compariscons which will bte
included in this section, First, the peripheral neuropathy zubject with meg. &l
nerve damage was asked to tap with either the thumb, middle, or 1i1ttie finger on
A her atfected hand. The medial nerve 15 primarily & sensory nerve, but also -::3 &
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motor function in terms of its innervation of the little finger. For this
subject the performance with the thumb and middle finger was pooled to serve az
the control data. Secondly, a 74 vear old man was admitted to the clin:c in
Germany to begin treatment for Parkinson's Disease. This provided the
oppartunity to observe his performance on the tapping task before he had received
any medication and then track his performance over the first two weeks of
medication. The within subject comparison here is thus pre- versus
post-medication., Third, we will report in this section the pertormance of the
On-0+4f Parkinson group under both testing conditions, It should be noted that
all ot these patients had been receiving L-Deopa for over 10 years and "O++"
medication merely refers to their willingness to skip the first coupie of
medication periods on the test day.

The results of these single subject mini- experiments are pooied by suosect
group 1n Table 2. The top row for each group indicates their pertormance in tne
unaftected condition and the bottom row shows their scores when tapping in the
experimental condition. Almost all of the subjects included in this tabpie
completed between four and eight blocks of six tapping trials with each effectar,
Thus, the data are considerably more stable than in the preceding sect:on n
which most subjects only completed two blocks.

The results are in close agreement with that found in the group compariscnz,
The peripheral neuropathy patients consistently show increased variabilits wnen
tapping with the affected finger and this increase is solely assigned toc the
motor delay component. As was also seen in Table 1|, the cortical and cerespse!lar
patients show increased estimates in both the clock and motor delar estimates
when tapping with their affected hand. MNote that in both of these groups,
pertormance with the unaffected hand tends to approximate normal performance,
although there may be a slight increase in the motor delar estimate,
Nonetheless, these subjects clearly show a deficit in both the ciock ana
implementation processes.

The results for the Parkinson subjects are more problematic, The On-0+4
comparison shows minimal difference as a function of medication extending the
earlier observation that basal ganglia deficits do not affect performance on tn oz
task. However, the four other Parkinson subjects show a decrement :n pertormancs

when tapping tn the atfected condition <bad hand or pre-medicatiaon). Wwh.le thers
is little difterence between the motor delar estimates, the Wing and
kristofterson analysis indicates tha: 3 ograglem stems fram increased
vartability 1n the timekeeper process. The largest asymmetrs in this group 3

due *to data ot MF, a subject whose performance has previously been reported in
iWing et al (1984)., This subyect shows a 114X clock increase when tapping with
her attected hand. However the three other subyects show Increased clack
estimates of 554-70%, It is difficuit to reconciie the divergent results
observed with the Parkinson patients. The group data indicates that these
patients are unaffected i1n the tapping task whereas these specral casez show trnat
the integrity of the basal ganglia may be necessary for normal functicning ot tne
timekeeper processes. e have not been able to account for these f.naings &~
classifring patients into the subcategories +e.q. those who are rigid, ar have
tremor, or are bridvKinetic» of Parkinson s Oisease Cited in the Titerature
voeiong and Georgopouios, 1781),

Perception recults:

Tables 3 and 4 present the recults from the percepticn tasks. Tabie 3 zhows
thcze groups 1n which the perception of loudness wag nciuced ag a control <or
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general auditory deficits. The perception of frequency was used as a control
with the epileptic patients and the results for this group are shown 1n Table 4,
The mean scores represent the number of steps between the upper and lower
thresholds., These thresholds correspond to the points on the logit distrituticn
at which the subjects are making the correct response on approximately 90% of tne
trials, Each step in the duration task corresponds to 8 msec., 0.27 dB Ay 1n
the loudness task, and 1.16 Hz. in the frequency task,

As seen in the tapping data, the results appear to indicate that there .
some decrease in acuity as a function of age in normal populations, However ,
only the wolume task vielded a reliable difterence between the eideri, contraol
group and the college age group (t(32)=1.73, p<.05). There was no significans Z
difterence between these two groups on the perception of duration task
(1(32:=0.84). The two perception tasks can be assumed tc measure separate
processes since there is no correlation between performance on them with the
healthy control groups ¢(-.06 for the elderly group; .14 for the coilege age
group).,

The results shown in Table 3 can be summarized quite easily, Onlsy the 9
cerebellar group shows a deficit in the perception of duration task. The mean ’
sceres for the cerebellars and the elderly control group are not significantls
ditferent (t{26)=1.26). Since there are no statisticai differences between the -
means of the various ParKinson groups on either the duration or loudness tazs,
their scores were pooled. The cerebellar group was significantly impaired on the
perception of duration in comparison to the pooied Parkinson group ©todd:=1,70,
p<=.05). Additionally, if the Parkinson group is combined with the elderl~
control group <since these two groups did not diftfer), the cerebellar group 13
alzo sianificantiy worse in the time perception task than this summeg group o~ ¥
elderly subjects (t{(354)=1.,94, p{.0D). No comparicons were made with the
cortical group because of the small number of cortical patients who haue v
s~esently been tested in the percep: . asks.

It 15 important to note that the cerebellar deficit in the perception cf
duration task can not be attributed to some sort of general auyditory def.cit
associated with cerebellar disorders. In fact, the cerebellar group percrmea
zlightly better that both the elderly control group and the pocled Farkinzan
patients in the perception of loudness task.

Tabie 4 is of interest because of the occassional speculations in the
Trterature that the temporal lobes, particulariv the lett temporal iobe pis.-s an
impertant role in timing functions (Etfron, 17463 Carmon and Machszhon, 197°(; o
Tallal and MNewcombe, 1978; Mackay, 1985). Some of these hvpotheses have N
sttributed an explicit timing role to the temporal looes whereas other 0853
emphasized the sequential nature of left hemisphreric function, Seguencing
procesces may onlv require the ability to maintain temporal order rather thzn
control some form of reai-time metric as we assume is required I1n our tasks,

The resulte of our testing severe temporal lobe epileptics chow that these
patients do not have any deficit in making duration judgements., This resuit
holds for patients 1nm which the seizure focus 1s in the left or the rignt
temporal lobe. This finding is somewhat suprising given that some of these
patients are intellectually impaired and have some memary dizorders John Walker,
. Good Samaritan Hospital, personal communication}). Unexpectedly, the epileptics
did appear to be impaired (n the perception of frequency task. Thes
Jitferences, however, were not reliable due to the large varivabilt
ep.leptic anag controgl groups.
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Discussion

Previous work in our laboratory t(Keele et al, 17835a; Keele et al, submitted:
has led us to postulate the control of voluntary movement mav inuplwe the uyse o+
an i1nternal procedure which controls timing functions., For instance, we haue
tound that people who are good at maintaining a rhythm with one effector are aizc
good at periodic tapping with a different effector. Furthermore, the abtiits to
produce regulariy timed intervals was found to correlate with the abilit, to
accurately perceive intervals of a comparable duration., These findinge have Ceen
interpreted as demonstrating the existence of an tnternal timekeeping process.

One of the main purposes of the present research i3 to try to identitr tnoze
neural structures which are part of this timekeeping process., The logic i3
relatively straightforward. The notion of an internal clock suqgests that
specit1c neural systems may be organized !n such a manner as to function a:z a
timing device. Damage to these neural systems would be expected to ifead to
drfficulty in tasks which i1nvolve the timing mechanism., On the other hang, we
have no a priori reasons to expect the timing processes to be strictly locairzec,
Thus, the use of neurological patients is useful, not only as a means of further
investigating the existence of timing processes, but also as a war of uncouer.ng
the nature of those processes. While localization can be of considerabie
interest in and of itself, we have viewed neuropsychological testing as a mean:z
ot providing a converging operation to suppliement our correiational and
experimental work.

At present, the results of our patient work are extremelv promizing. 535 i
starting point, we believe that the Wing and Kristofferson model of repetitiuve
movements provides a useful theaoretically-based tool for studring timing, Whi'le
their model has been exploited with normal populations, the extension to patian?
groups has not been systematically tested. The recsults with the peripneral
neuropathy group are very convincing. Rs predicted by the model, onix the
estimate of the implementation portion of the variability was found %o increaze
tollowing peripheral nerve damage. This dissociation demonstrates that the
source of a deficit in tapping performance can be successfully identi$red through
the Wing and Kristofferson (17973) model,

The results of the tapping task with the various cortical and supcart . cal
groups mar at first qlance appear gquite problematic, and indeed, we Qo nrot
pelieve any definitive answers can vet be garnered. HMonetheless, we believs the
results can be accomodated within the present understanding of the
neurcanatomical connections between the wvarious motor svstems of the Dran, wm
simplitied wiring diragram 1s provided in Figure 3 ‘adapted from Keele et ai,
1735b). In this diagram we focus on the positicon of the basai ganglia ana
cerebellum 1n relation to the motor cortex and spinal svstems,

The first point to be made 15 that most of the direct projecticns down the
sptnal cord originate tn either the primarv motor cortex or the cerepe’lum,

These are commoniy referred to as the prramidal ang extraprramidal tracts,
respectivelv. There appears to be little output from tne basal Qangiia which can
nave such direct v1 or 2 svnapses) intfluence on the spinail neurcons, This
arrangement nicelr meshes with our +inding that both the cerebeiiar ana corticas

patients mar produce inflated motor delay estimates. At ieast part of tne .
iestuns? ticsue 15 presumably cutside of the timing s-etem and part 2oFf the
impiementation pathwars., More interesting, 1N noné of Qur Parkinson Qroups nor
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in the few Parkinson patients who had difficulty 1n tne tapping task have we &ue
*oung any ncreases in the motor delay scores.

wWe propose, howewver, that the three neurai syetems examined n th. s
are ettner part of a timing 'gop or nested withif a circurt n which the
cerepellum plavs a prtmary role in timing. ~ logp- or circutt-oased hvpothes s
i3 necessary to account tor the fact that damage in 2i1ther the cerepelium,
cerecrai cortex, or the basal ganglia can 'ncrease the wariability of the tim.ng
process. The independence assumption of the Wing and Kristotferzon modei impiie
that any srstem which was not contained within the timing process couid aoni~
atfect the motor delay estimate,

We can 1maQine at least two ditferent types of timing circuitsz, The *firzt
tvpe would implicate all of the ditferent structures within the circuit in the
corntrol of timing. Thus, the timing of sar 400 ms. would involve setting up =
path through the loop which takes 400 ms. to circuit. S00 ms. paths woulg
presumably involve more synapses or slower conducting neurons In order o
increase the amount of time it takes to complete each circuit. Damage at anw
point along the circuit would disrupt the normal functioning aof this ftrpe o+
ciack. There are a number <- zroblems with this type of mechanism, For one
thing, the pathwars (nvoluwing the basal ganglia and the cerepelium prezumabi» co
more than Jjust provide long delav lines. Yet this notion of loop timing seems °
presume that the actual circuits traversed throughout the entire motor t

2Tudr

b3
a
m

g
are determined on how much delay they contribute to the overail transmiss:on
time. Zecondly, there is little communication between the cortical-bazal gang:,
ioop and the cortical-gerebel'ar loop idespite the common prodection zf oottt
zydcartizal structure in the ventral lateral portion of the thaimus) ang t

Zurcyrt Can not realiy be continuous <e.g. Goldbergq, 19857, Furthermore, * 3
dirfficult to construct such a mechanism without postulating some sort of zonirc
z»stem wnich determines the circuit of the icop. @ loop traversing such 2o
structures needs to e controlled by a system operating at a very giobai |
dn the grounds of plaustbility 1t seems reasonable to argue for diztribute
focal operations whenever possible.

The second form of a timing circuit captures this property quite weili.
we are proposing 1% that the cerebellium plav¥s & primary role in timing R
ipy it 2% the miliicecond %imer proposed 25 vears aqo br Braitenberg.
subgyects show substantial increases in that portion of the wariabtity a
to the timing process n the tapping task. Mare suprisz:- . e oxtE
group which showed any deficit i1n the perception of ti.me vtaz. . i
funztion Of the cerebellum, though, i1e sti1il contained within the circul
'nov*s entirety constitutes the motor program. Thus, the cerebelium cerue
zdqoroutine whicn computes tne timing requirements for a motor program.

In addition to the results with the cerebellar patients, we have aisc
cbserved that cortical lesions produce timing deficits as well as certain Da
Qangiia gisorders., Iive believe our precent modei can accomogate these resu.t
Fcr the sake of argument, 1magine that the motor cortex has Just sent a s.gnal
down the prramidal tract which triggers a kev press., This signal then imitiates
the process needed to determine the next response, 1.e, the establishment of the
ne:t motor program, The various procedures .subroutines’ are thus inunked. For
inztance, the cerebelium 15 called upon to determine the time at which the
rezponsze can be made and the basai ganglia prowvides some other r‘uninown:
garameter (npuft, '3 Wwhen all ot trne computational outzutzs of the ovar
30Dr2ut . ne are returned to the motor <ortex, the next resporse 15 thiggered,
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Once this occurs, the crcle is repeated and each proceQure 18 again executed.
Tne important point to note from this simplified exampie s that deficits wh:icn
atfect any of .the subroutines cr disrupt the svstem at any point prigr to the
triggering of a response will contribute to increased timing variabilitv, The
affected structures may not plary any role 1n timing control, but thev can ,nduce
added noise in the timing circu)t since the different subroutines can not e
called unt:il the preceding response has been initiated.

O0f course, the results from the tapping task do not differentiate Cetuween
the cortical and cerebeliar svstems in terms of the locus of timing controi,
Clinicai svmptoms and previous experimental work, as well as Braitencer
had pointed us in the directian of the cerebellum as a timing device.
results ot the perception of time task further support this idea. It
important to note that the perception of loudness task emphasizes tnat t
cerebeilar deficit can not be considered a general deficit in auditary
perception, but rather, that the perceptual deficit is specitic to timing. .n
t3ct, we know O0f no previous work which has shown perceptual de+ i citz azsocixten
with cerebellar lesions, despite the massive input to the cerebeilum +rom serzor.
pathwars,

Taken together with the tapping recuits, the resuits from the time
gerception task support our earlier hvpothesis tKeele et al, 1983a) regarading ‘re
existence ot a common timing mechanism which 1s 1nvaived in both the pragucs. 2
and perception of time. We beiieve that these results represent an importar?
step i1n developing the concept of the motor program. The motor program oz
det:riea at a giobal level in terms of an abstract representation., However, -
zomposed ot a number of distributed procedures whicih can pe emplaved n <r
pertormance of a wide range of coordinated behaviors,

Decpite the overly gptomistic flavor of this discussion, we feei cIi 3
conclude bv emphasizing that these results must be considerec creiiminars,
orimary impetus +or this cstems +rom the suprising finding that cnis the
cerebellar patients showed a perceptual deficit, IJe are presentlr cettirng up
repitcation study of this work, This seems especially appropriate Jiven T-at
there are a number of methodological differences between the tezting procedures
Jzed with the various patient Qroups. For example, almost all cof the cerebel zar:
were tested in Germany with the assistance ot an interpreter wher2as zome S+ "%
Parkinscn patients and ail of the control subjects were tested in Jregon,

Moreover, at present, we have only tested four cortical patients or the
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rception tasks, I .- we nave rei.ed on the resuits of the percepticn of -T2
sk to differentiate between the corticals and cerebellars, we neec tc ;ncrsase
¢ sample size of the cortical group. ide 3iz0 need to more clozeir &= mine ..

me cerebellar patients primarily show motor delay deficitz whereas the *im.rg

T W e <+ 0O
b T T A TR )

ocecse 15 disrupted 1n other cerebellar patients, lde are currenti. develct . ro -
nrpothesis that the differences may be accounted for on the basis of tne z-ts o+
the lesi1on witnin the cerebeiium., The prediction 1z that medral ies

I2NS are
associated with i1ncreased implementation warrabiioty whereas Jatera: i1eg orz
produce clock deficits. However, our evidence for this 18 quite Mm.n:ma, NI Y
simitiar vein, we hope eventualiy to be able to account for the giscrepan® rec, *:
ve have observed 'n the Parkinson patientsz.




Footnotes

1. This foliows since, if x and y are independent random
variables, o\
S S
Onl = 8, » Oy
%\\5 1

2. See Wing (1980) for a more thorough discussion o+ the
Wing and kristotferson model .

3. The role of the basal ganglia in motor programming 1s
one of the main guestions we are presently aagdressing. Une

possibility which we are exploring is that the basal ganglia

may be important either directly or indirectly i1n +orce
regulation.
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Table 1

Tapping task, group data.

reters to standard deviation of
Clock and motor delay estimates are determined according to

the model developed by Wing and kristofferson

Group N

Controls

Elderiy 10

College Aged 24

Farkinsons

Eugene 12

German 10
(of 11)

On-0++ 7

(otf only)

Cerebellars 14
(of 172

Corticals 7
(of B3

Feripherals 4

(Aftected hand only)

Sensory Loss 1

INT

(11.9)

S520.2

(41.03

S21.7

(32.0)

536.6
(18.3)

543.8
(19 .0

S535.0

(18.6)

SZ5.8

Given interval
Subjects who were unable to per+torm the task
by subtracting number in parenthesis from listed WN.
inter—-response intervals.

=1 4]

e Lo T )
JE P,

(S5.8)

23.6
(4.6)

31.3
(8.9)

32.3
(?.8)

47.4
(16.4)

34 .0
(3.7

31.3

(1973) .
CcL ML
26.4 10.5
(7.7 (6.6
17.9 9.6
(4,02 (S 0
27.8 8.5
(8.9 (&8
27.0 10,0
(10.9) (7.3}
7.7 11.8 :
(3.8) (8.9
36.9 16.2
15.4) 13.2:
31.% le.8 K
(1(:).8) (8.(}‘ B
+
23.3 17 .0 y
(1.6 (2.9
24 .9 12.0 :
)
C
W
P N FENEI PR A SO &

Was
are indicated

S50 ms.

Sp



Tabie 2

Tapping task, within subject comparisons.
Abbreviations as in Table 1. Top line within each pair
refers to performance with good etfector, bottom line 1s for
. impaired effector (one Farkinson subject 1s pre- versus
post—-medication). On-0ff comparison refers to chronic ;
Farkinsonians who skipped morning medication period(s).

Group N INT s cL MLt D
Cerebellars = $38.1 33.6 24 .5 15.4
546 .5 1.6 39.3 2.8 .
Farkinsons ;
Affected hand 4 S28.7 29.3 25.6 2.4 :
Impaired nhand S4¢ .7 S0.1 46.5 11.5
On medication 7 524 .0 33.6 28.4 10.7
D+f medication 521.7 33.6 277 11.8 K
Corticals 7 ©39.8 32.1 3.8 13.4 K
S541.9 42 .4 30.0 15.8
Feripheral Nerve 4 S32.0 28.6 22.6 12.2
[Llamage 535.0 34.0 23.3 17.0
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Table 3

Ferception tasks, duration and volume Jjudgements.
Scores are in terms of step differences between lower and
upper thresholds. Standard deviations are given in
parenthesis.

Group N Duration Loudness

controls
Elderly 10 11.7 14.7
(4.7) (7.1
College Aged 24 9.8 10.8

(6.1) (3.9

Farkinsons

Eugene 12 2.2 14.8
(7 .50 (3.3

German Q 13.7 11.7
(7.7 4.1

Oon-0+f+ 7 On: 8.9 10.4
4.0) (DR

Of+: 10.0 9.7

(3.4) (S

Cerebellars 18 16.7 12.3
t11.9 4.3

Corticals 4 12.2 18.2
(6.3 (&H.D
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Table 4 !

Ferception tasks, duration and frequency Judgements.
Scores are in terms of step differences between lower anc
upper thresholds. Standard deviations are given in

v parenthesis.
Group N Luration Frequencwv
Controis (]
College Aged 24 9.8 2.3 v
(6.1) (1l .G
Temporal Epilepsy
Left Focus 16 ’ 10.5 (7.7
(6.0 (L=.70
Right Focus 13 2.3 18.8
(4.7 (12.3
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MOTOR FROGRAM ~- THROWING A BASEEBRALL

SUBROUTINES:

SELECT RIGHT VERSUS LEFT ARM

SEQUENCE EICK , WINDUF, RELEASE, FOLLOW THROUGH
FORCE FASTRBALL=LARGE; CHANGEUF=SMALL :
TIMING SNAF WRIST AT RELEASE FOR CURVEERALL

Figure 1: Fossible subroutines of the motor proaram are
listed on the lett. 0On the right side are listed
hypothesized computations required for each subroutine in
order to pitch a basebail.

.........
-----

.............
------------------
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Figure 3: Simplified wiring diagram of the neural

L)
structures examined 1 this study. Variabitity 1n the l1oops K
whnich return to the cerepral cortex is hypothesized to ’
constitue timing variance. Motor delay variance 1s. the .

result of variability i1n the descending pathways to the
spinal cord.
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