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Brain (1992), 115, 857-874

MOTOR SEQUENCING WITH LEFT
HEMISPHERE DAMAGE

ARE SOME COGNITIVE DEFICITS SPECIFIC TO LIMB APRAXIA?

by DEBORAH L. HARRINGTON1 and KATHLEEN YORK HAALAND1 2

(From the ' Veterans Affairs Medical Center and Departments of Psychology and Neurology and
the 2Department of Psychiatry, University of New Mexico, Albuquerque, USA)

SUMMARY

Sixteen left-hemisphere stroke patients, who were apraxic or nonapraxic, and 17 control subjects performed
sequences of hand postures that varied in the number of different postures (repetitive and heterogeneous)
and sequence length (one to five). Performance of the left hand (ipsilateral to stroke) was compared with
a control group using the left hand.

All stroke patients had slower reaction times and were slower to execute single hand postures, but the
apraxic group was not slower than the nonapraxic group. Both the apraxic and the nonapraxic groups had
similar problems scheduling or timing motor programs for both sequence types such that inter-response
times were more affected by sequence length than the control group. However, only the apraxic group
showed abnormalities in preprogramming heterogeneous sequences. The apraxic group also made more
errors and had longer movement times (MTs) than for the other groups, but only for heterogeneous sequences
containing more than three hand postures. The nonapraxic group did not show slower MTs or greater
errors, regardless of the type or the length of sequences. These results suggested deficits in encoding,
generating single movements and in scheduling or timing a series of actions which generally attributable
to left hemisphere damage. However, abnormalities in temporal organization processes prior to and during
movement were specific to apraxia. The dissociation between the two stroke groups on some but not all
aspects of sequencing has implications for different cognitive mechanisms supporting motor sequencing.

INTRODUCTION

Left hemisphere damage is frequently accompanied by ideomotor limb apraxia, a disorder
of skilled movement that cannot be attributed to weakness, sensory loss, language compre-
hension deficits or general intellectual deterioration. Clinical assessment of limb apraxia
is based on an examination of gesture performance to command and/or imitation (e.g.
brush teeth, salute, put finger on ear). Although apraxia and aphasia frequently coexist,
apraxia is considered a cognitive-motor disorder because the degree of gestural disrup-
tion can be dissociated from aphasia severity or type (Goodglass and Kaplan, 1972;
Lehmkuhl et al., 1983; Rothi and Heilman, 1984), and severe apraxia has been reported
in patients without language disturbances (Heilman etal., 1973). Gestural disturbances
in apraxia have been attributed to a variety of problems including difficulties integrating
memory representations of intra- and extrapersonal space (Haaland and Flaherty, 1984),
a loss or disruption in spatiotemporal memory codes (Heilman et al., 1982; Rothi et al.,
1988; Poizner et al., 1990) and encoding deficits (Faglioni et al., 1990).

Correspondence to: D. L. Harrington, Psychology Service (116B), Veterans Affairs Medical Center, 2100 Ridgecrest
Drive SE, Albuquerque, NM 87108, USA.
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858 D. L. HARRINGTON AND K. Y. HAALAND

The cognitive mechanisms of this disorder have been disputed, in part, because most
investigations of gesture performance are based on clinical descriptions which rely heavily
upon the performance of familiar movements and error analyses. Other characteristics
of movement which may be disrupted are ignored. In particular, clinical descriptions
of ideomotor apraxia do not specifically point to a sequencing deficit, yet many individual
gestures require sequencing of several component movements.

Abnormalities in sequencing with left hemisphere damage have been examined most
thoroughly in studies of largely unfamiliar movements, which when combined into
sequences do not represent meaningful gestures. While many studies have reported greater
sequencing deficits with left than right hemisphere damage (Kimura and Archibald, 1974;
Kimura, 1982), others have shown that left hemisphere damage produces deficits in
the performance of isolated movements (Kolb and Milner, 1981; Kimura, 1982; De
Renzi et al., 1983; Harrington and Haaland, 1991a). This latter finding suggests the
possibility that sequencing deficits may be due to the cumulative effects of deficits in
programming single movements, but when this problem was controlled, impaired
sequencing was still evident (Harrington and Haaland, 1991a). Others have suggested
that memory factors can explain left hemisphere specialization for sequencing (Roy,
1981; Jason, 1986; Roy and Square-Storer, 1990) whereas sequencing deficits with left
but not right hemisphere damage even when memory was not required have also been
reported (Harrington and Haaland, 1991a).

Few studies have directly examined whether cognitive deficits in limb sequencing
with left hemisphere damage are specific to the disorder of apraxia or more general
to the role of the left hemisphere in controlling a wide variety of movements {see Haaland
and Harrington, 1990). The present study compared apraxic and nonapraxic patients
with left hemisphere damage. Performance was examined on sequences of hand postures
that varied in length and the number of different hand postures. Although most studies
have been restricted to analyses of errors, the present study also examined reaction times
(RTs) for correct movements to determine whether the cognitive operations utilized
to carry out the action were completely normal.

Previously we reported that generating a motor plan prior to movement was intact
with left hemisphere damage as sequence length had a similar effect on RTs of both
patients and normal control subjects, regardless of sequence complexity (i.e. sequences
containing repetitive vs different responses) (Harrington and Haaland, 1991a). However,
if apraxia produces a deficit in identifying or recognizing the to-be-performed actions
(Heilman et al., 1982) or in the rate of retrieving subprograms for each response to
assemble a motor plan (Harrington and Haaland, 1987), RTs should increase more with
sequence length in the apraxic than the nonapraxic patients.

Programming difficulties during movement were examined by comparing apraxic and
nonapraxic patients on inter-response times (IRTs) and movement times (MTs). The
IRT analyses examined the effect of sequence length on the execution of a single posture
within a sequence to determine whether programming during movement was influenced
by the number of other responses within a sequence, not simply the individual hand
posture. Inter-response times of patients with left hemisphere damage were more affected
than those of control subjects by the number of other responses in a sequence, suggesting
they engaged in more programming concerning the sequence while executing a single
posture (Harrington and Haaland, 1991a). If this deficit is specific to apraxia, only the
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SEQUENCING IN LIMB APRAXIA 859

IRTs of apraxic patients should vary with sequence length. At a different level of enquiry,
the MT analyses summed across all IRTs within a sequence, and compared the diffi-
culty of sequencing repetitions of a posture vs different postures (i.e. heterogeneous
sequences) to examine programming processes related to sequencing movements with
a more complex structure. Previously we found error rates and MTs for heterogeneous
but not repetitive sequences increased as sequence length increased more in the left
hemisphere-damaged patients, implicating deficits in some aspect of temporal organiza-
tion. If these deficits are specific to the disorder of apraxia, only the apraxic patients
will show this pattern of errors and MTs.

METHODS

Subjects

Seventeen normal controls and 16 left hemisphere-damaged stroke patients were tested at die Albuquerque
Veterans Affairs and Lovelace Medical Centers. All subjects were right-handed males and performed the
task with dieir left hand. The arm ipsilateral to the lesion was examined in the stroke group to avoid biasing
the sample by excluding hemiplegic patients and to minimize factors that were purely motoric or sensory
in nature.

All subjects were administered a 15-item apraxia battery (Haaland and Flaherty, 1984) consisting of
five transitive (representational gestures with pretended object use), five intransitive (representational gestures
without pretended object use) and five nonrepresentational gestures. Subjects were videotaped as they imitated
unilateral limb movements and their performance was scored from the videotape. Errors were scored relative
to the examiner's performance and consisted of six categories, described in detail by Haaland and Flaherty
(1984): (i) perseveration; (ii) orientation; (iii) position of hand; (iv) body-part-as-object; (v) target; (vi)
undue hesitations. Subjects who made any of these errors on five or more items were classified as apraxic.
Table 1 shows seven of the patients who were classified as apraxic and nine of the patients who were
nonapraxic. All of the control subjects scored within the normal range. There were no significant differences
among the three groups in age or education level. Mann-Whitney U tests (Siegel, 1956) showed no significant
differences between the apraxic and the nonapraxic groups in the mean number of months post-stroke
(apraxic: mean = 40, SD = 42; nonapraxic: mean = 30, SD = 55). Two of the apraxic but none of
the nonapraxic patients were classified as hemiplegic, with hemiplegia defined as contralateral grip strength
more than two standard deviations below ipsilateral grip strength which was greater than zero.

All subjects were given the neuropsychological tests summarized in Table 1 to describe their visuospatial
and language skills. Comparisons between groups used the Mann-Whitney U statistic. On the Block Design
subtest of the Wechsler Adult Intelligence Scale-Revised Form (WAIS-R) (Wechsler, 1981), visuospatial
organization skills in the apraxic group were significantly (P < 0.025) poorer than the nonapraxic group,
the members of which were not impaired relative to those of the control group. Two of the apraxic patients
and one nonapraxic patient scored below the lowest score of the control group on this test. Both the apraxic
and the nonapraxic groups were similarly impaired relative to the control group (P < 0.025) on verbal
fluency from the Cookie Theft picture of the Boston Diagnostic Examination of Aphasia (BDEA) (Goodglass
and Kaplan, 1972). Comparisons between the two stroke groups on auditory comprehension from Part V
of the Token Test (De Renzi and Vignolo, 1962) showed performance was significantly (P < 0.05) worse
for the apraxic than the nonapraxic group which was not impaired relative to the control group. Two of
the apraxic patients had moderate (9 errors) and two had severe (21 errors) auditory comprehension deficits,
whereas the remaining patients scored within normal limits. The latter two apraxic patients also were severely
dysfluent. In contrast, only one nonapraxic patient had severe auditory comprehension deficits (18 errors),
but was only mildly dysfluent (5.8). The remaining patients had normal auditory comprehension.

Apparatus

Subjects executed sequences of hand postures on the apparatus depicted in Fig. 1. The apparatus was
interfaced with a computer, and contained a row of five vertical plates which required contact with the
lateral side of the hand, a row of five recessed buttons which required contact with the index finger with
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860 D. L. HARRINGTON AND K. Y. HAALAND

TABLE I. DEMOGRAPHIC AND NEUROPSYCHOLOGICAL PROFILE OF SUBJECTS

Age
Education
Apraxia severity
Visucupalial organization
Auduory comprehension3

Verbal fluency4

Apraxic group

Mean

63
12
7.4
6.0

10.4
5.1

<SD)

7.5
3.4
2.4
1.4
7.8
2.3

(n - 7)

Range

55-76
8-16
4-10
4 - 8
0-21

1.0-6.5

Nonapraxic group

Mean

63
12
13.3
9.1
4.1
6.3

<SD)

6.9
1.9
1.4
2.5
5.5
0.5

(n = 9)

Range

51-76
8-15

11-15
5-14
0-18

5.3-6.8

Control group

Mean

63
13
13.6
10.7
1.8
6.8

<SD)

6.5
0.8
1.3
2.8
2.0
0.2

(n = 17)

Range

56-75
12-14
11-15
6-14
0 - 7

6.3-7.0

'Number of item correct out of 15 (HaaUnd and Flaherty, 1984).
2Scale scores from the Block Design subtest of the WAIS-R (Wecnsler, 1981).
3Number of errors on Part V of the Token Ten (De Renzi and Vignolo, 1962).
'Fluency rating based on the description of the Cookie Theft picture from the BDEA (Goodglass and Kaplan, 1972). Scores range

from 0 to 7.

recessed
button

handlebar
overhang

handlebar

• • •
o o o o o
J X

FIG. 1. Diagram of the hand-posture sequencing apparatus. The monitor situated above the apparatus depicts an example
of a sequence.

the forearm pronated, and a row of five handlebars which required the four fingers to wrap around the
bar from underneath with the forearm supinated. Subjects wore gloves equipped with metal contacts. The
start plate was located to the left of the manipulanda, and subjects always moved from the left to the right.
When a change in hand posture was made, subjects moved to the right diagonally (up or down) to the
next manipulandum. A monitor presented pictorial displays of the entire motor sequence (see Fig. 1).

Procedure

Subjects began each trial by resting their index finger on the start plate which caused a pictorial display
of the sequence to appear on the monitor. After a random delay ranging from 1 s to 2 s, a tone signalled
subjects to begin the sequence. Upon completion of the last response in the sequence, the visual display
terminated. Reaction time was measured from the onset of the tone to when subjects lifted their finger
from the start plate. The first IRT was measured from when subjects left the start plate (i.e. the end of
the RT interval) to the completion of the first response (i.e. contact with the manipulandum), and sub-
sequent IRTs were measured from the completion of one response to the completion of the next. Move-
ment time was measured from the end of RT to the completion of the last response in the sequence. An
error trial was recorded when subjects took longer than 2000 ms to initiate the movement during the RT
interval (i.e. error before movement) or to execute a single hand posture (i.e. error during movement),
or if they executed the wrong hand posture (i.e. error during movement).

Design

Two types of sequences, repetitive and heterogeneous, were presented. Repetitive sequences varied in
length from one to five responses with each length consisting of repetitions of plate (P), button (B), or
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SEQUENCING IN LIMB APRAXIA 861

handlebar (H) responses (i.e. P, PP, PPP, PPPP, PPPPP, B, BB, BBB, BBBB, BBBBB, H, HH, HHH,
HHHH, HHHHH). Heterogeneous sequences varied in length from two to five responses and were con-
structed so that the first two responses were the same for all sequence lengths with the remaining responses)
consisting of the addition of the first response (i.e. PB, PBP, PBPP, PBPPP, HB, HBH, HBHH, HBHHH).
Sequence type was blocked and block order was randomized across subjects. Each of the 23 different motor
sequences was presented eight times across blocks in a random order. If subjects made an error, the trial
was repeated randomly at the end of the block of trials. Subjects were required to correctly complete two
practice trials of each of the 23 sequences.

Computerized tomography scan quantification

Computerized tomography scans were available on all stroke patients. Computerized procedures were
used to quantify lesion size and location (anterior vs posterior) (Harrington and Haaland, 1991a). Lesion
size was expressed as a ratio of lesion volume to brain volume. Lesion location was expressed as both
volumetric and linear measures. The volumetric measures were the proportion of the total lesion volume
that was located anterior and posterior to a line halfway between the frontal and occipital poles. The linear
measures were the distance of the lesion from frontal and occipital poles divided by total distance so as
to represent a proportion of the slice length. Computations of anterior and posterior distance were weighted
by the lesion volume of each slice.

RESULTS

The analyses focused on the comparisons of the apraxic group with the nonapraxic
and control groups. All RT and IRT analyses were based on a mixed model design
with group (i.e. control, apraxic and nonapraxic) as the between-subject factor and
sequence length as the repeated factor. Planned comparisons contrasted the performance
of the apraxic, the nonapraxic and the control groups. Separate analyses of variance
(ANOVAs) were conducted for each measure. Repetitive and heterogeneous sequences
were analysed separately.

Movement times and errors during movement were analysed using a mixed model
design with group as the between-subject factor and sequence length (two to five hand
postures) and sequence type (i.e. repetitive vs heterogeneous) as the repeated factors.
Because errors before movement were low and averaged 5% for all three groups,
regardless of the length or the type of sequence, these data will not be discussed further.
The sample of apraxic and nonapraxic patients was small. Thus, statistical tests exceeding
the 0.05 experiment-wise a level were reported when there were clear trends for group
differences (i.e. P = 0.10).

Cognitive processing prior to movement: reaction times
Repetitive sequences. To examine the apraxic and the nonapraxic patients' ability to

preprogram repetitive sequences, the effect of sequence length on RT was analysed.
In earlier studies (Harrington and Haaland, 1987, 1991a,b) it was shown that sequence
length has little or no effect on RTs for repetitive movements, perhaps, because sub-
jects impose an organization on the sequence such that they plan it as a single unit,
regardless of the number of responses. Figure 2A shows the apraxic and the nonapraxic
groups preprogrammed repetitive sequences similar to the control group, regardless
of length (F < 1.0). For all subjects, sequence length had no effect on RTs. There
was a trend for the mean RT of the entire left stroke group to be longer than the control
group (P < 0.06), but there was no difference between the apraxic and the nonapraxic
patients.
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862 D. L. HARRINGTON AND K. Y. HAALAND
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FIG. 2. Mean reaction times for repetitive (A) and heterogeneous (B) sequences. For repetitive sequences, standard
errors of the mean averaged 55, 59 and 22 in the apraxic ( • ) , nonapraxic ( • ) and control ( • ) groups, respectively.
For heterogeneous sequences, standard errors of the mean averaged 72, 51 and 20 in the apraxic, nonapraxic and control
groups, respectively.

Heterogeneous sequences. Reaction times typically increase with sequence length when
sequences consist of different movements because subjects construct a motor plan con-
sisting of subprograms, one for each response in the sequence. However, because sub-
jects may chunk or group a series of responses or complete some of the programming
prior to the RT interval, nonlinear effects of sequence length on RT are often reported
(Harrington and Haaland, 1987, 1991a,b). Figure 2B suggests that, for sequences con-
taining different hand postures, RT increased more with increasing sequence length for
the apraxic than the nonapraxic and the control groups. The supporting statistical analyses
showed a groupxlength interaction [F(6,90) = 2.26, P < 0.05]. Follow-up analyses
comparing the apraxic and the control groups revealed a significant group x length effect
[F(3,66) = 3.37, P < 0.025], whereas no such interaction was found when comparing
the nonapraxic and control groups. Trend analyses showed that sequence length had
a linear effect on RTs in the apraxic group [F(l,6) = 6.38, P< 0.05]. By comparison,
for both the nonapraxic and control subjects sequence length had a nonlinear affect on
RTs [F(l,25) = 3.85, P < 0.06] such that RTs increase with length up to n = 4 and
asymptote thereafter. Averaging across sequence length, mean RT of the entire left stroke
group was longer than the control group {P = 0.052) but there was no difference between
the apraxic and the nonapraxic patients.

Cognitive processing during movement

Repetitive sequences: inter-response times. To determine whether the execution of
a single movement was more affected in the apraxic patients by the number of other
responses within a sequence, not simply an individual hand posture, the effect of sequence
length on each IRT was analysed. The difference between the shortest and longest
sequence length was analysed for each IRT. Figure 3 displays the means for each IRT
as a function of sequence length. There was a trend for the first IRT (IRT,) to be
slower for the entire left stroke group than for the control group {P = 0.052) and all
IRTs for subsequent responses were significantly slower {P < 0.025). However, as
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FIG. 3. Inter-response times (IRTs) for repetitive sequences as a function of sequence length, A, B, C, D represent
the mean IRTs (plus standard error bars) for IRT,, IRT2, IRT3 and IRT4, respectively.

can be seen in Fig. 3, the apraxic patients were not significantly slower than the nonapraxic
patients. Figure 3A,C,D shows that IRTs changed with sequence length more for the
two left stroke groups than for the control group. The supporting statistical analyses
showed a groupxlength interaction for IRT, [F(2,30) = 11.92, P < 0.01] and IRT3

[F(2,30) = 11.13, P < 0.001], and there was a trend for an interaction for LRT4

[F(2,30) = 2.01, P = 0.15]. The pattern of sequence-length effects on IRTs was similar,
however, for the apraxic and the nonapraxic patients. This observation was confirmed
by the nonsignificant interactions of group (i.e. apraxic vs nonapraxic) x sequence length
for each IRT (F < 1.0 for all IRTs). Thus, the execution of a single movement within
a sequence was generally more affected by the number of other responses in a sequence
for the apraxic and the nonapraxic patients than for the control subjects, suggesting
both stroke groups engaged in more programming during movement.
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FIG. 4 . Inter-response times (IRTs) for heterogeneous sequences as a function of sequence length, A, B, C, D represent
the mean IRTs (plus standard error bars) for IRT,, 1RT2, IRT3 and IRT4, respectively.

Heterogeneous sequences: inter-response times. For all IRTs, both left stroke groups
were significantly slower than the control subjects regardless of sequence length
(P < 0.025), but Fig. 4 shows the apraxic patients were not slower than the nonapraxic
patients. Figure 4 also suggests that sometimes the pattern of IRTs varied with sequence
length in a different way for the stroke patients than for controls. Sequence length had
no reliable effect on IRT2 or IRT3 for any of the groups (Fig. 4B,C). However, there
were significant interactions of groupxsequence length for IRT, [F(2,30) = 5.38,
P < 0.01] and IRT4 [F(2,30) = 9.08, P < 0.01]. In Fig. 4A it appears that IRT,
increased with sequence length but only for the apraxic group. Follow-up analyses com-
paring the apraxic and the control groups revealed a group x length interaction [F(l ,22)
= 11.27, P < 0.01], indicating that the duration of IRT, increased linearly as sequence
length increased for the apraxic [F(l,6) = 5.86, P = 0.052] but not the control group
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SEQUENCING IN LIMB APRAXIA 865

(F < 1). No such differences were found when comparing the nonapraxic and the control
groups. For IRT4 (Fig. 4D) the pattern of sequence length effects on IRTs was com-
parable in the apraxic and the nonapraxic groups. The different pattern of sequence
length effects found for IRT, and IRT4 most likely reflects the type of programming
ongoing during sequencing. The IRTj increased with sequence length only in the
apraxic group because programming that began during the RT interval was ongoing.
This explanation is consistent with the finding of a greater increase in RT as a function
of sequence length for the apraxic group. As for IRT4, the fourth response was a
repetition of a previous hand posture which explains why this pattern of findings was
similar to those reported for repetitive sequences.

Movement time. The MT analyses, which focused on the execution time for the entire
sequence, examined the relative difficulty of sequencing repetitive vs different hand
postures as a function of sequence length. The time to execute a single hand posture
was not significantly different between the apraxic (mean = 702, SEM = 71) and the
nonapraxic patients (mean = 686, SEM = 80), but MT for a single hand posture was
significantly longer for the entire left stroke group relative to the control group (mean
= 544, SEM = 38) [F(l,31) = 5.4, P < 0.05]. Similarly, although MTs for sequences
of hand postures were not significantly slower in the apraxic (repetitive: mean = 2377,
SEM = 168; heterogeneous: mean = 3167, SEM = 214) than the nonapraxic patients
(repetitive: mean = 2119, SEM = 178; heterogeneous: mean = 2694, SEM = 221),
the entire left stroke group executed sequences more slowly than the control group
(repetitive: mean = 1783, SEM = 97; heterogeneous: mean = 2257, SEM = 127)
(/> < 0.01).

To control for the possibility that MT differences among groups on sequences could

600

- 5 0 0
n

e

V
j f 300
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g 200
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2 3 4 5 2 3 4 5 2 3 4 5

Sequence Length

FIG. 5. The mean percentage change (plus standard error bars) in movement time (MT) for repetitive ( • ) and hetero-
geneous ( • ) sequences. Percentage values were calculated using the following formula: (MTD—MT,)/MT| where n
represents a particular sequence length and MT, is the time to execute a single hand posture.
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866 D. L. HARRINGTON AND K. Y. HAALAND

be due to the cumulative effects of slower execution times for a single posture, the percent-
age increase in MT for sequences relative to the time to execute a single posture was
analysed. When MTs were corrected for baseline performance of single postures there
was an interaction of group xsequence type xsequence length [F(6,90) = 2.62, P <
0.025]. Figure 5 suggests that this interaction was due largely to performance differences
in the apraxic group, especially on heterogeneous sequences. The supporting statistical
analyses showed that sequence type and sequence length had similar effects on adjusted
MTs for the nonapraxic and the control groups. In contrast, for repetitive sequences
the apraxic group did not differ from the nonapraxic or the control groups in the per-
centage change in MT as a function of sequence length. However, for heterogeneous
sequences comparisons among the three groups revealed a group x length interaction
[F(6,90) = 3.42, P < 0.01], indicating that MTs increased much more rapidly with
sequence length for the apraxic group relative to both the nonapraxic group [F(l,14)
= 9.53, P < 0.01] and the control group [F(l,22) = 5.78, P < 0.05]. In addition,
the apraxic patients showed a greater difference in MT between the two sequence types
relative to the nonapraxic patients [F(l,14) = 5.84, P < 0.05] and the normal control
subjects [F(l,22) = 5.82, P < 0.05]. This effect, however, was specific to longer
sequences such that the apraxic group showed greater differences between the two
sequence types only when sequences contained four or five postures [apraxic vs
nonapraxic group: n = 4 F(l,14) = 2.62, P = 0.12 and n = 5 F(l,14) = 9.58,
P < 0.01; apraxic vs control group: n = 4 F(l,22) = 4.48, P < 0.05 and n = 5
F(l,22) = 8.02, P < 0.01]. These findings demonstrated that only the apraxic group
had difficulty executing longer sequences of heterogeneous postures which did not involve
additional changes between different hand postures, only a repetition of a preceding
posture.
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Sequence Length

FIG. 6. The mean percentage errors (plus standard error bars) during movement for repetitive ( • ) and heterogeneous
( • ) sequences.
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SEQUENCING IN LIMB APRAXIA 867

Errors during movement. The analyses of the percentage errors during movement
compared group differences in error rates and, most importantly, showed whether the
group differences varied depending on sequence type or length. Error rates for a single
hand posture were not significantly different among the groups (apraxic: mean = 3.5,
SEM = 2.3; nonapraxic: mean = 2.4, SEM = 0.8; control: mean = 0.9, SEM =
0.4), although there was a tendency for all of the left stroke patients to make more
errors on a single posture than controls {P < 0.10). Figure 6 shows that the percentage
errors generally increased for all subjects as sequences became longer but primarily
for heterogeneous sequences, and especially for the apraxic patients. The supporting
statistical analyses showed an interaction of group x sequence type x sequence length
[F(6,90) = 3.65, P < 0.01]. Planned comparisons showed that for repetitive sequences
the pattern of errors did not vary among the three groups as a function of sequence
length, although Fig. 6 shows there was a trend for errors to increase with length
more in the apraxic than the control group [F(3,66) = 2.63, P = 0.057]. No such trends
were found in the nonapraxic group (F < 1). For heterogeneous sequences, comparisons
among the three groups showed a group x length interaction [F(6,90) = 4.34, P < 0.001]
such that there were no differences between the nonapraxic and the control groups in
error rates, regardless of sequence length (F < 1). However, errors increased more
with increasing sequence length for the apraxic group relative to both the nonapraxic
group [F(3,42) = 2.81, P = 0.05] and the control group [F(3,66) = 10.05, P < 0.001].
In addition, the apraxic group showed a greater increase in errors for heterogeneous
sequences, but only for those containing four [apraxic vs nonapraxic: F(l,14) = 2.07,
P = 0.17; apraxic vs control: F(l,22) = 6.71, P < 0.025] and five hand postures
[apraxic vs nonapraxic: F(l,14) = 4.73, P < 0.05; apraxic vs control: F(l,22) = 15.29,
P < 0.01]. No such differences between sequence types were found between the
nonapraxic and the control groups. These findings parallel the MT results as sequencing
was disrupted in the apraxic but not the nonapraxic patients largely on heterogeneous
sequences consisting of four or five responses.

Relationship between sequencing and cognitive status
Apraxia severity was correlated with auditory comprehension (r = —0.64), verbal

fluency (r = 0.65) and visuospatial skills (r = 0.58), such that poorer language and spatial
skills were related to more severe apraxia, accounting for 34—41% of the variance.
Although auditory comprehension and verbal fluency were highly correlated (r = —0.80),
neither of these tests was related to visuospatial skills (r = -0.09 and r = 0.30 for
auditory comprehension and verbal fluency, respectively) indicating a separate underlying
visuospatial component to apraxia. These findings raise the question as to whether
the pattern of sequencing differences between the apraxic and nonapraxic patients might
vary depending upon these measures, especially as the apraxic group was significantly
impaired relative to the nonapraxic group on auditory comprehension and visuospatial
skills. To examine this, separate regression analyses were conducted, analysing the rela-
tionships between the Token Part V, the Cookie Theft and the Block Design subtests
and RTs, ERTs, adjusted MTs and errors for repetitive and heterogeneous sequences.
The interaction of an ancillary test with group and sequence length was of interest. The
results reported in this section are exploratory and preliminary, and should be inter-
preted with caution as the sample sizes were small, multiple statistical tests were con-
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868 D. L. HARRINGTON AND K. Y. HAALAND

ducted and the majority of patients were not clinically impaired on the ancillary tests.
Despite the differences between the two stroke groups in auditory comprehension

and visuospatial skills, these tests did not interact with group, sequence length or sequence
type for any measures, indicating that group differences on these tests could not explain
the pattern of findings for the apraxic and the nonapraxic groups. However, there was
a significant verbal fluency xgroupxlength interaction [F(3,36) = 4.13, P < 0.025].
Follow-up analyses showed poorer verbal fluency was correlated with greater increases
in error rates for sequences containing two vs five responses for both groups (apraxic
r = —0.65; nonapraxic r = —0.66). However, as sequence length increased from two
to five postures, apraxic patients with normal fluency (n = 3; fluency = 6.5 ±0) or
impaired fluency (n = 4; fluency = 4.1 ±2.7) showed similar increases in error rates
(9.4% and 13.1%, respectively). In contrast, error rates increased more for the nonapraxic
patients with impaired fluency (n = 5; fluency = 5.9 ±0.4) than for those with normal
fluency (n = 4; fluency = 6.7 ±0.2) (6% and 0%, respectively). These findings show
that, while better verbal fluency was associated with smaller changes in error rates with
increasing sequence length in both groups, the apraxic group still showed a greater
increase in error rates with longer sequences regardless of the fluency rating.

Computerized tomography analyses
Table 2 presents the lesion volume and location measurements for the apraxic and

the nonapraxic groups. While Table 2 suggests that the apraxic patients had somewhat
larger lesion sizes than the nonapraxic patients, Mann-Whitney U tests showed no sig-
nificant group differences. Only three of the apraxic patients had lesion sizes greater
(4.4%, 6.1%, 12%) than the largest lesion size found in the nonapraxic group, and
in the remaining apraxic patients lesions occupied < 1.7% of the total brain volume.
Also there were no reliable differences between the apraxic and the nonapraxic groups
on the linear and volumetric measures of lesion location.

TABLE 2. LESION VOLUME AND LOCATION FOR THE APRAXIC AND THE
NONAPRAXIC GROUPS

Lesion volume1

Anterior lesion volume2

Posterior lesion volume2

Anterior distance3

Posterior distance3

Mean

3.8
48.5
51.5
41.3
26.1

Apraxic group

(SD)

(4.2)
(40.4)
(40.4)
(17.1)
(21.4)

Range

0.1-12.0
0-97
3-100

22-68
1-50

Mean

1.3
58.1
41.9
40.0
38.2

Nonapraxic

(SD)

(1.3)
(45.5)
(45.5)
(15.5)
(20.5)

group

Range

0.1-3.7
1-100
0-100

14-68
0 - 5 3

'Lesion volume is proportional to the total brain volume.
2The volumetric measurements reflect the proportion of the lesion that is located anterior or posterior to the mid-

point between the frontal and occipital poles, and are proportional to the total lesion volume.
3The linear measures are proportional to the total distance from the frontal to the occipital pole. A smaller proportion

indicates that the lesion is located closer to the frontal or occipital pole.

DISCUSSION

The results showed deficits in some levels of programming were general to left
hemisphere damage, whereas others were specific to the disorder of ideomotor limb
apraxia. All patients with left hemisphere damage exhibited deficits in initiating the
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SEQUENCING IN LIMB APRAXIA 869

sequence (i.e. slower RTs), executing single postures and controlling individual
movements during sequencing. Only the apraxic patients showed a disruption in pro-
gramming heterogeneous sequences prior to and during movement, but only for longer
sequences. These findings could not be attributed to motor slowness because there were
no differences between the apraxic and the nonapraxic patients in absolute RTs, IRTs
or MTs. Also the findings were not related to lesion size, quantified measures of lesion
location or auditory comprehension deficits. Although poor verbal fluency was associated
with greater increases in error rates with increasing sequence length, these increases
were greater in the apraxic group, regardless of whether the patients were fluent or
not. Thus, language deficits cannot entirely explain the different pattern of sequencing
abnormalities found between the apraxic and the nonapraxic groups. This is consistent
with other studies showing poor gesture learning and gesture comprehension deficits
in apraxic-aphasic but not nonapraxic-aphasic groups (Rothi and Heilman, 1984; Rothi
et al., 1985).

Cognitive deficits general to left hemisphere damage
Encoding deficit. The conceptualization of apraxia as a motor programming disorder

has a long tradition, yet the specific nature of the hypothetical programming deficit has
been both controversial and elusive. Two studies using the selective reminding method
(Buschke and Fuld, 1974) reached different conclusions about the processes underlying
gestural learning deficits in apraxia. Faglioni et al. (1990) reported that apraxia was
a deficit specific to encoding and storage, but not retrieval. In contrast, others have
found storage but not encoding or retrieval problems in aphasic-apraxic and aphasic-
nonapraxic patients (Rothi and Heilman, 1984). In our study, RTs of the apraxic and
the nonapraxic groups were slower (regardless of sequence length or type) than the control
group which may point to an encoding deficit with left hemisphere damage, although
response initiation deficits cannot be ruled out.

Generating spatiotemporal memory codes. After assembling a motor plan, additional
cognitive computations must be engaged to translate the plan into physical movement.
These computations most likely involve many levels of programming. Inter-response
times of single movements and individual postures within repetitive or heterogeneous
sequences were equally slowed in the apraxic and the nonapraxic groups. Spatial
orientation and location deficits with left hemisphere damage (Rothi et al., 1988; Poizner
et al., 1990) could underlie slowed IRTs for individual movements if a deterioration
in spatiotemporal codes results in difficulties generating the motor patterns for individual
postures.

Scheduling/timing movements. At a different level of analysis, the negative relation-
ship between IRTs and sequence length for repetitive sequences and for IRT4 of
heterogeneous sequences suggested both stroke groups continued to engage in program-
ming concerning the sequence, not simply an individual hand posture. One possible
explanation for this pattern of findings is that left hemisphere damage disrupts the ability
to schedule efficiently motor programs for individual movements within a sequence
(Harrington and Haaland, 1991a). Specifically, before activating the physical parameters
of a response other cognitive computations are likely to be required, such as scheduling
when to execute a response. For instance, each response in a sequence may be associated
with an absolute time at which to execute the movement. When sequences contain
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repetitive movements, subjects normally either apply the same timing rule to all responses
or time all responses simultaneously so that the length of a sequence has no effect on
IRTs. When timing is dysfunctional, it proceeds more serially. Scheduling movements
may be postponed to ensure that the computations of when a response will be initiated
coincides with the activation of the physical parameters of the response, minimizing
as much as possible prolonged delays between individual responses. Thus, patients with
left hemisphere damage initiate movements contained in longer sequences faster because
they have more time to complete the scheduling of the remaining postures in the sequence
while executing the preceding postures. With shorter sequences, response execution
is delayed because cognitive operations occur closer in time and must be at least par-
tially completed before the activation of any particular hand posture. The proposed timing
deficit is consistent with mounting evidence from studies of brain-damaged adults,
language-impaired children, and neurologically intact subjects showing the left hemisphere
is superior to the right hemisphere in the efficiency of processing rapid, temporal
information {see Hammond, 1982; Tallal, 1983; Tzeng and Wang, 1984).

Cognitive deficits specific to apraxia
Preprogramming sequences. Only the apraxic group showed deficits in assembling

a motor plan prior to movement for heterogeneous sequences. This first phase of planning
presumably involves identifying and retrieving the subprograms for each response or
response unit. Reaction times for heterogeneous sequences increased linearly with
sequence length in the apraxic group, whereas in the nonapraxic and control groups
there was a nonlinear effect. [In all groups the magnitude of sequence length effects
on RT was very small. This was expected because the effect of sequence length diminishes
when the interval prior to the imperative stimulus is 1 s or longer (Klapp et al., 1974;
Harrington and Haaland, 19916). This is because subjects can plan much of the response
before the imperative stimulus.] The first IRT also increased with sequence length, but
only in the apraxic group, indicating the apraxic patients continued to engage in
preprogramming while executing the first response. Because the form (i.e. linear vs
nonlinear), but not the slope, of the RT function differed in the apraxic group a retrieval
deficit account of the apraxic group's data is less likely. This is consistent with other
studies (Rothi and Heilman, 1984; Faglioni etal., 1990). A more plausible explanation
is that the nonlinear effect of length on RT for heterogeneous sequences in the nonapraxic
and control groups may reflect organizational strategies. For example, in a sequence
of four responses (e.g. PBPP) subjects may treat each response as a unit which explains
the linear increase in RT between n = 2 and n = 4. However, for sequences containing
five responses (e.g. PBPPP) subjects may treat each of the first three responses as
individual units (e.g. PBP) and the last two as a single unit (e.g. PP), accounting for
the asymptote in RT after four postures. Of course, other organizational strategies are
possible. In contrast, the linear RT function in the apraxic patients may reflect their
tendency to plan each posture in the sequence as a unit, neglecting to chunk or parse
the sequence when it is longer. This interpretation may be the most parsimonious account
of the RT results as we now consider the pattern of MTs and errors in the apraxic patients.

Temporal organization. Do the proposed abnormalities with left hemisphere damage
as inferred through the IRT findings also underlie the MT and error findings in the
present study? This does not appear to be the case as only the apraxic group showed
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SEQUENCING IN LIMB APRAXIA 871

a greater increase in MTs and error rates as heterogeneous sequences increased in length
despite showing the same impairments as the nonapraxic group in IRTs. This dissociation
suggests a different mechanism supports sequencing skills separate from those linked
to timing responses or generating visuospatial memory codes.

We embrace an interpretation of the MT and error results which links it to the RT
findings. Specifically, the execution of a sequence is dependent upon the way in which
it is organized prior to movement (Rosenbaum et al., 1983). Actions are normally parsed
into natural rhythmic or spatial groupings which facilitate the development of skilful
behaviours (Povel and Collard, 1982). Apraxia may produce a breakdown in parsing
so that organizing principals for grouping responses are disrupted. This may explain
why apraxics can normally execute shorter sequences of heterogeneous postures, whereas
their performance breaks down on longer sequences, those which could benefit most
from a parsing mechanism. In addition, abnormalities in cognitive computations that
support parsing should lead to impaired learning which is consistent with deficient learning
of hand position sequences or of gestures with left hemisphere damage (Rothi and
Heilman, 1984; Jason, 1985; Rothi et al., 1988).

An alternative explanation for the above findings, that apraxia produces a deficit specific
to controlling changes in different postures (Kimura, 1977), is not satisfying for two
reasons. First, IRTs of the apraxic and nonapraxic groups were slowed equally for
repetitive and heterogeneous sequences. Secondly, the apraxic group showed deficits
only on heterogeneous sequences containing four or five postures (e.g. PBPP, PBPPP)
which consisted of the same number of different hand postures as those containing three
postures (e.g. PBP), except for an addition of a repeated posture(s) at the end of the
sequence. The MT and error findings, however, cannot rule out the possible role of
serial ordering deficits in apraxia. Although little direct evidence exists linking ideomotor
limb apraxia to a serial ordering deficit (Kimura and Archibald, 1974; Kimura, 1977;
Jason, 1985, 1986), this issue deserves further study as the serial ordering requirements
of most tasks, including ours, have been minimal, due to the use of highly practised
gestures or sequences containing a limited number of responses.

Summary remarks
The present study, together with previous investigations of sequencing in patients

with right hemisphere damage and Parkinson's disease (Harrington and Haaland,
1991a,b), provide some preliminary clues about several basic and functionally separate
cognitive computations that may underlie motor sequencing. In addition, some of these
computations appear to be most efficiently carried out by different neural subsystems.
This is consistent with MacKay's (1985) theory of action which distinguishes among
levels of cognitive-motor function (i.e. representations of actions, timing processes,
sequential processes and parsing mechanisms), and predicts apraxia and other motor
disorders result from damage to selected neural subsystems.

Prior to movement, encoding of single postures and sequences was slowed in left
hemisphere apraxic and nonapraxic patients. Previous sequencing studies have not
uncovered such deficits in patients with right hemisphere damage (Harrington and
Haaland, 1991a) or Parkinson's disease (Harrington and Haaland, 1991ft), which shows
such deficits are not simply general to brain damage.

The apraxic and nonapraxic groups' problems executing single postures or individual
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postures contained within a repetitive or a heterogeneous sequence have not been observed
in other neurological disorders such as Parkinson's disease (Harrington and Haaland,
1991ft). Specifically, parkinsonian patients displayed slowed IRTs and greater error
rates when executing changes between different hand postures, but generally not when
executing repetitions of the same posture (Harrington and Haaland, 1991ft). This may
suggest that processes controlling transitions between different postures (e.g. changes
in force production) are regulated more directly by the basal ganglia system, whereas
the left hemisphere is specialized for higher level cognitive computations concerned
with generating spatiotemporal codes for movements.

The present results emphasized the left hemisphere's efficiency in temporal process-
ing. This is consistent with a large literature examining the perception and production
of time in neurologically intact individuals and in patients with damage to the left
hemisphere {see Hammond, 1982). However, the assertion that timing mechanisms are
specific to the cerebral cortex of the left hemisphere is likely to be an oversimplifica-
tion, as left hemisphere damage resulting from stroke or developmental disabilities
typically involves subcortical damage or, at minimum, a disconnection of cortical and
subcortical systems. In fact, using a similar sequencing task we found sequence length
had negative effects on the IRTs of repetitive sequences in patients with Parkinson's
disease (Harrington and Haaland, 1991ft), which is consistent with other reports of central
timing deficits in these patients (Wing et al., 1984; Poizner, 1990). Thus, timing
mechanisms for movement may be an emergent property of left cerebral cortex and
basal ganglia interactions. The cerebellum, however, is also involved in timing opera-
tions, particularly as they concern the measurement or perception of time (Keele and
Ivry, 1990). Further research into temporal aspects of movements is needed to deter-
mine whether perception of time, reproduction of time intervals and scheduling
movements in sequences involve functionally separate cognitive computations which
engage different neural subsystems.

Dysfunctional temporal organization processes, as inferred through the RT, MT and
error data, were specific to the disorder of apraxia. Interestingly, such deficits have
not been observed in patients with Parkinson's disease (Harrington and Haaland, 1991ft).
In these patients, RTs for heterogeneous sequences increased with length up to four
responses and then reached an asymptote similar to control subjects. However, the slope
of this function is reduced relative to a control group, suggesting that basal ganglia
abnormalities affect the ability to preprogram movement sequences completely. In
addition, MTs and error rates in parkinsonian patients were normal regardless of sequence
length or type. These findings are consistent with the low incidence of apraxia in
Parkinson's disease (Sharpe et al., 1983), and further point to the specificity of dysfunc-
tional temporal organization in movement in the disorder of ideomotor limb apraxia.
Direct tests of the proposed parsing deficits in these patient groups is one focus of our
ongoing investigations in this area.
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