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Abstract

Two experiments were conducted to examine the ability of left- (LHD) and right-hemisphere-damaged (RHD) patients and

normal controls to use temporal cues in rendering phrase grouping decisions. The phrase ‘‘pink and black and green’’ was ma-

nipulated to signal a boundary after ‘‘pink’’ or after ‘‘black’’ by altering pre-boundary word durations and pause durations at the

boundary in a stepwise fashion. Stimuli were presented to listeners auditorily along with a card with three alternative groupings of

colored squares from which to select the presented alternative. Results revealed that normal controls were able to use both temporal

cues to identify the intended grouping. In contrast, LHD patients required longer than normal pause durations to consistently

identify the intended grouping, suggesting a higher than normal threshold for perception of temporal prosodic cues. Surprisingly,

the RHD patients exhibited great difficulty with the task, perhaps due to the limited acoustic cues available in the stimuli.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Speech prosody conveys both linguistic and affective
information to listeners, mainly through variations in

duration, fundamental frequency, and amplitude of the

acoustic signal. A large number of investigations has

demonstrated that individuals who have suffered either

left (LHD) or right hemisphere damage (RHD) may

exhibit deficits in the perception or interpretation of

prosodic cues (see Baum & Pell, 1999 for a review). With

specific regard to linguistic prosody, a majority of studies
has shown receptive impairments following LHD

(Baum, Kelsch Daniloff, Daniloff, & Lewis, 1982; Em-
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morey, 1987; Gandour et al., 1992; Pell & Baum, 1997)

and fewer deficits subsequent to RHD (Behrens, 1988;

Emmorey, 1987; Gandour, Dechongkit, Ponglorpisit,
Khunadorn, & Boongird, 1993, 1995; but cf. Blumstein

& Cooper, 1974; Br�aadvik et al., 1991). Many of these

(and other) studies have noted particular impairments in

LHD individuals in the perception of temporal param-

eters, as signals of lexical or emphatic stress or sentence

modality (e.g., Tallal & Newcombe, 1978; Van Lancker

& Sidtis, 1992). Interestingly, in parallel with findings for

speech timing, impairments subsequent to LHD have
been found for non-speech signals as well (e.g., Carmon

& Nachshon, 1971; Robin, Tranel, & Damasio, 1990). In

addition, functional neuroimaging studies and studies

using intracerebral neural recordings support a left

hemisphere specialization or superiority for temporal

processing versus a right hemisphere superiority for

spectral processing (e.g., Li�eegeois-Chauvel, de Graaf, &

Laguitton, 1999, 2001; Zatorre, 1988; Zatorre, Evans,
Meyer, & Gjedde, 1992; see also Efron, 1963; but cf.

Langner, Sams, Heil, & Schulze, 1997). Recent data have

even shown anatomical differences between the auditory
served.
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cortices of the two hemispheres that may support the
different processing attributes of the left and right

hemispheres (Penhune, Zatorre, & MacDonald, 1996).

Thus, a great deal of evidence exists for the preferential

processing of temporal parameters in the left hemi-

sphere, and relatedly, impairments in temporal process-

ing subsequent to LHD.

Nonetheless, the situation with respect to speech

prosody has proven to be somewhat more complex, as
the linguistic functional load of a stimulus seems to in-

teract with its acoustic characteristics (and perhaps

other parameters such as domain of processing (e.g.,

Behrens, 1989; Gandour et al., 1993, 1989)) in deter-

mining which hemisphere is most implicated in prosodic

perception (see Baum & Pell, 1999 for review). More-

over, even when deficits in processing temporal aspects

of prosody appear consistent, it remains unclear whether
the impairments are due to an inability to perceive

timing cues, difficulty mapping the acoustic parameters

to linguistically significant contrasts, or a reduced sen-

sitivity to the temporal distinctions resulting in higher

thresholds of perception (see e.g., Johnsrude, Penhune,

& Zatorre, 2000; Robin et al., 1990). The present study

addresses the last of these possibilities within a specific

domain of linguistic prosodic cues.
Whereas numerous studies have explored stress con-

trasts and sentence modality (i.e., declarative versus in-

terrogative or imperative sentence types) as cued by

prosodic parameters, only a relatively small number of

investigations has focused on the perception of prosody

as a cue to syntactic disambiguation in brain-damaged

individuals (Baum, Pell, Leonard, & Gordon, 1997;

Grosjean & Hirt, 1996; Perkins, Baran, & Gandour,
1996). Most directly relevant to the present study, in an

initial investigation, Baum et al. (1997) examined the

ability of LHD and RHD patients to identify phrase

boundaries (specifically phrasal groupings) through

prosodic cues.1 Using three arrangements of colored

squares (‘‘pink and black and green’’—PBG; ‘‘[pink and

black] and green’’—PB_G; and ‘‘pink and [black and

green]’’—P_BG), groups of LHD and RHD patients as
well as normal controls were required to identify the

appropriate grouping associated with a presented stim-

ulus. Results revealed that both LHD and RHD pa-

tients were comparably impaired relative to the normal

controls in the identification of the phrase groupings,

although individual variability was notable within both

groups, with three subjects in each group performing at

ceiling (Baum et al., 1997). While the perceptual findings
for the RHD patients were somewhat surprising, they

are not without precedent (e.g., Blumstein & Cooper,

1974; Br�aadvik et al., 1991; Bryan, 1989; Weintraub,
1 A production experiment was included as well, but will not be

described here.
Mesulam, & Kramer, 1981). Further, as suggested by
Van Lancker and Sidtis (1992), impairments in prosodic

perception in LHD and RHD patients may be due

to different perceptual anomalies (i.e., reliance on

different prosodic cues; but cf. Baum, 1998; Pell &

Baum, 1997).

The experiments presented here investigate the

relationship between two temporal prosodic cues in

identifying phrasal boundaries—the duration of the
preboundary word and of the pause at the phrase

boundary—both of which have been shown to be im-

portant in disambiguating phrasal groupings (Price,

Ostendorf, Shattuck-Hufnagel, & Fong, 1991; Scott,

1982; Streeter, 1978). These two cues were varied in

combination to determine the critical durations of each

necessary for LHD and RHD patients, relative to nor-

mal controls (NC), to identify phrasal boundaries. To
this end, an initial set of stimuli was generated in which

pause and keyword duration were systematically ma-

nipulated using edited natural speech, and combined to

create what could be considered the equivalent of 10

pause continua and 10 keyword continua (five each

ranging from more PBG-like to more P_BG-like and

five each ranging from more PBG-like to more PB_G-

like). Based on our previous findings and the well-es-
tablished impairments in LHD patients in temporal

processing (e.g., Robin et al., 1990; Van Lancker &

Sidtis, 1992), it was anticipated that the LHD patients

would require longer than normal pause and keyword

durations to identify the phrase groupings. Given the

RHD patients� performance in our initial study, they

may also exhibit impairments compared to normal

controls in identification of phrase boundaries; however,
if RHD patients are better able to make use of temporal

cues to prosody (e.g., Van Lancker & Sidtis, 1992), the

critical durations required for boundary identification

for these patients should be closer to normal.
2. Experiment 1

2.1. Methods

2.1.1. Subjects

Three groups of subjects participated in the current

experiment: 10 LHD non-fluent aphasic patients, nine

RHD patients, and 10 age-matched non-brain-damaged

control subjects. All subjects were right-handed native

speakers of English who passed an audiometric screen-
ing at <35 dB HL at the frequencies .5, 1, and 2 kHz in

the better ear. Brain-damaged patients had all suffered a

single, unilateral cerebrovascular accident (CVA; con-

firmed by CT or MRI) and underwent a series of

screening tests that varied depending on their lesion

lateralization. Background information on the partici-

pants appears in Table 1.



Table 1

Background information on patients with brain damage

Experiment 1

subjects

Experiment 2

subjects

Age MPOa Lesion site Diagnostic characteristics

Left hemisphere damaged patients

LHD 1 LHD 1 68 78 Left fronto-temporo-parietal Moderate–severe non-fluent aphasia

LHD 2 LHD 2 72 79 Left parietal Non-fluent aphasia

LHD 3 — 80 33 Left MCA territory Transcortical motor aphasia

LHD 4 LHD 4 83 75 N/A Non-fluent aphasia (recovered)

LHD 5 LHD 5 82 13 Left MCA Non-fluent aphasia

LHD 6 — 74 32 Left MCA Severe non-fluent mixed aphasia

LHD 7 LHD 7 80 56 Left frontal Mild non-fluent aphasia

LHD 8 — 73 113 Left temporo-parietal Severe non-fluent aphasia

LHD 9 LHD 9 48 101 Left fronto-parietal Non-fluent aphasia

LHD 10 LHD 10 76 50 Left MCA Non-fluent aphasia

— LHD 11 53 160 Left parietal Mild–moderate non-fluent aphasia

— LHD 12 69 71 Left fronto-parietal Non-fluent aphasia, anomia, apraxia of speech

— LHD 13 57 18 Massive ischemia, left

carotid artery

Moderate–severe non-fluent aphasia

Right hemisphere damaged patients

RHD 1 RHD 1 43 41 Right MCA Minimal dysarthria noticed initially

RHD 2 RHD 2 90 39 N/A Impulsive, left neglect

RHD 3 RHD 3 34 58 Right MCA N/A

RHD 4 RHD 4 67 58 N/A Impaired comprehension of inferences and figurative

language, mild impairment in processing emotional

prosody. Left neglect

RHD 5 RHD 5 59 121 Right posterior

communicating artery

Flat affect, rapid speech, impulsivity, sudden topic

changes, inappropriate topics, mild left neglect

RHD 6 RHD 6 66 62 Right internal capsule, right

basal ganglia

Flat affect

RHD 7 — 72 50 Right parietal Emotionally labile, mild dysarthria

RHD 8 — 70 45 Subcortical-right thalamus Slowed speech

RHD 9 RHD 9 79 37 Right temporo-parietal Dysphagia, mild dysarthria and mild anomia,

left neglect

— RHD 10 89 107 Right MCA Left neglect

— RHD 11 64 8 N/A N/A

aMonths post-onset.
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2.1.2. Stimuli

Three versions of the phrase ‘‘pink and black and

green’’ were recorded onto DAT by an adult male native

speaker of English. Each version represented a different

phrasal grouping, corresponding to the grouping of three

colored squares (i.e., ‘‘pink and black and green’’; ‘‘[pink

and black] and green’’; and ‘‘pink and [black and green]’’).

These recordings were digitized at a rate of 20k samples/s
with a 9 kHz low-pass filter and 12-bit quantization using

the BLISS speech analysis system (Mertus, 1989). Mea-

surements were made of each word and pause within each

phrase as a baseline from which to generate the experi-

mental stimuli. The original keyword ‘‘pink’’ ranged in

duration from 233 to 443ms; the original ‘‘black’’ pro-

ductions ranged from 284 to 417ms; and the original

‘‘green’’ varied very little, from 371 to 374ms. Pauses
ranged from 0ms to an extreme of 259ms. Individual

keywords were selected for editing to create a series of

stimuli with the following temporal characteristics. The

keyword ‘‘pink’’ ranged from 286 to 443ms in five ap-

proximately 40ms steps (labeled P1 through P5); the

keyword ‘‘black’’ was similarly edited to vary between 284
and 441ms in five approximately 40ms steps (labeled B1

through B5). Five pauses of 0 to 160ms (in 40ms steps,

i.e., 0, 40, 80, 120, and 160ms) were also created. An

original ‘‘green’’ (371ms) and an original ‘‘and’’ (163ms)

were selected to be usedwith each continuum created. The

keywords (‘‘pink’’ and ‘‘black’’) were edited by removing

or reiterating adjacent pitch periods from the midpoint

(steady-state) of the vowel; cuts were made at zero cross-
ings to avoid extraneous clicks. The resulting individual

words andpauseswere concatenated to create a total of 49

unique stimuli: each duration of ‘‘pink’’ (n ¼ 5) paired

with each pause length (n ¼ 5), appended to the shortest

‘‘black’’ and zero pause; and each duration of ‘‘black’’

(n ¼ 5) paired with each pause length (n ¼ 5), appended

to the shortest ‘‘pink’’ and zero pause. The original ‘‘and’’

and ‘‘green’’ were used throughout. (See Appendix A for
an example of these continua for the keyword ‘‘pink.’’)

2.1.3. Procedure

A test tape was made which included five repetitions

of each of the phrasal stimuli in random order. Simul-

taneous with presentation of the auditory stimulus over
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closed headphones at a comfortable listening level, a
card depicting the three possible arrangements of col-

ored squares was presented to the subject. The three

alternatives were organized vertically and every possible

order of options was randomly paired with an auditory

stimulus. Subjects indicated their responses by pointing

to the appropriate grouping represented by the stimulus;

responses were recorded by the experimenter for later

analysis.

2.2. Results and discussion

The number of P_BG responses produced by each

individual listener for each stimulus was computed for

the continua which were expected to yield an increasing

number of P_BG responses, i.e., those for which the

keyword ‘‘pink’’ and the following pause were manip-
ulated. The data (converted to percentages) for these

‘‘P_BG’’ continua are illustrated in Figs. 1 and 2. In a

similar fashion, the number of PB_G responses made by

each subject for each stimulus was computed for the

continua which were expected to yield an increasing
Fig. 1. Percent P_BG responses by normal control (NC), RHD, and LHD s

pause), for each duration of the keyword ‘‘pink’’ (a¼P1, b¼P2, c¼P3, d¼
number of PB_G responses, i.e., those for which the
keyword ‘‘black’’ and the following pause were varied.

These data are illustrated in Figs. 3 and 4.

As may be seen in the results for the P_BG set of

continua, with the shortest keyword ‘‘pink’’ (P1) con-

tinuum, not even the longest pause (160ms) led to a

large number of P_BG responses for any group (Fig.

1a). With longer keyword ‘‘pink’’ durations, the in-

creases in pause length yielded more consistent P_BG
responses, with >70% P_BG responses for all stimuli

with ‘‘pink’’ keyword durations of at least 364ms (P3)

and a minimum pause of 40ms for the normal control

subjects. For the longest keyword duration (Fig. 1e),

even with a 0ms pause, normal controls selected the

P_BG grouping approximately 70% of the time. In

contrast, neither patient group showed a marked con-

sistency in P_BG responses across the pause continua
(Fig. 1a–e), with the exception that the RHD group

achieved approximately 70% consistency for the longest

two pause durations (71% at 120ms and 69% at 160ms)

presented with the longest ‘‘pink’’ duration (Fig. 1e).

It appears that the RHD group benefited from the
ubjects across the pause duration continuum (0–160ms post-keyword

P4, e¼P5).



Fig. 2. Percent P_BG responses by NC, RHD, and LHD subjects across the keyword duration continuum for the keyword ‘‘pink’’ (P1¼ 286ms,

P2¼ 325ms, P3¼ 364ms, P4¼ 404ms, and P5¼ 443ms), for each pause duration (a¼ 0ms, b¼ 40ms, c¼ 80ms, d¼ 120ms, e¼ 160ms pause).
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combination of temporal cues, but only when these cues

approached values found in normal speech. With pause
held constant and keyword duration increasing, normal

controls achieved P70% P_BG responses with a pause

of 40ms and keyword of 364ms (P3). With a 160ms

pause, the duration of ‘‘pink’’ only needed to be 325ms

(P2) to reach P70% P_BG responses. Again, neither

patient group consistently (P70%) responded P_BG for

any stimulus, with the exception of the RHD group�s
borderline responses for the two longest pauses and the
longest keyword duration.

The raw data (number of P_BG responses) were

submitted to a series of Group� Step analyses of vari-

ance (ANOVAs)—one for each continuum. Of particu-

lar interest were any Group� Step interactions that

might emerge. A list of the main effects appears in Ap-

pendix B. Only two of the ANOVAs yielded Group-

� Step interactions: The pause continuum created with
the 364ms (P3) ‘‘pink’’ keyword (F ð8; 104Þ ¼ 2:085;
p < :05) and the ‘‘pink’’ continuum created with the
120ms pause (F ð8; 104Þ ¼ 2:580; p < :02). Post hoc

analysis of the first interaction using the Newman–Keuls
procedure (p < :05) revealed significant differences be-

tween the number of P_BG responses by the normal

controls compared to the LHD patients at each con-

tinuum step. A significant difference also emerged be-

tween the normal controls and the RHD subjects for

step 2 only. No differences between the patient groups

reached significance. For the second Group� Step in-

teraction, post hoc analysis yielded significant differ-
ences between the normal controls and the LHD

patients at all but the first continuum step, and no dif-

ferences between the normal controls and the RHD

patient group. The LHD and RHD groups differed only

for responses to step 3 of the continuum, with RHD

patients producing more P_BG responses (i.e., more like

the normal controls).

With regard to the ‘‘PB_G continua,’’ it is evident in
the graphs (Figs. 3 and 4) that, for the shortest two

durations of the keyword ‘‘black’’ (B1, B2), not even the



Fig. 3. Percent PB_G responses by normal control (NC), RHD, and LHD subjects across the pause duration continuum (0–160ms post-keyword

pause), for each duration of the keyword ‘‘black’’ (a¼B1, b¼B2, c¼B3, d¼B4, e¼B5).
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longest pause yielded consistent PB_G responses for any
group. For longer ‘‘black’’ durations, very short pauses

of 0 or 40ms yielded >70% PB_G responses for the

normal controls, with performance near 100% PB_G

responses with slightly longer pauses or even with a 0ms

pause at the longest keyword duration. Unlike the

P_BG results, the LHD patient group reached P70%

PB_G responses for the longest two keywords with

pauses of at least 80ms, although these durations are
longer than those required by the normal listeners. The

RHD group only achieved >70% PB_G responses for

the 80ms pause/363ms (B3) keyword and the 160ms

pause/402ms (B4) keyword steps. This pattern clearly

does not reflect consistent improvement with increasing

keyword or pause durations; rather the relatively good

performance on selected stimuli appears somewhat

idiosyncratic.
With pause held constant and keyword duration in-

creasing (Fig. 4), normal controls reached >70% PB_G

responses with a pause of 0ms and keyword of 402ms

(B4). With longer pauses, keyword durations of 363ms
(B3) yielded performance near 100% PB_G responses
for the NC subjects. For the LHD listeners, with pauses

of P80ms, P70% PB_G responses were generally

produced with the longest two keyword durations (B4

and B5) (although some variability was evident). Again,

the RHD group achieved >70% PB_G responses only in

the two conditions mentioned above (80ms pause/

363ms (B3) ‘‘black’’; 160ms pause/402ms (B4) ‘‘black’’

continuum).
The raw data (number of PB_G responses) were an-

alyzed in a series of Group� Step ANOVAs. Main ef-

fects are again listed in Appendix B. As noted earlier,

any Group� Step interactions that would emerge were

of particular interest in the present investigation. Such

interactions emerged in the pause continua created with

the 324ms (B2) (F ð8; 104Þ ¼ 2:056; p < :05) and 363ms

(B3) (F ð8; 104Þ ¼ 4:505; p < :001) keywords (Fig. 3b–
c). Post hoc analysis of the first interaction using the

Newman–Keuls procedure revealed no significant group

differences at any step. For the pause continuum created

with the 363ms (B3) keyword, however, significant



Fig. 4. Percent PB_G responses by NC, RHD, and LHD subjects across the keyword duration continuum for the keyword ‘‘black’’ (B1¼ 284ms,

B2¼ 324ms, B3¼ 363ms, B4¼ 402ms, B5¼ 441ms), for each pause duration (a¼ 0ms, b¼ 40ms, c¼ 80ms, d¼ 120ms, e¼ 160ms pause).
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differences were found between the normal controls and
each patient group at all but the first continuum step; no

differences emerged between the LHD and RHD

groups. Group� Step interactions also emerged for all

but one (with pause¼ 80ms) of the ‘‘black’’ continua, as

illustrated in Fig. 4 (pause 0: (F ð8; 104Þ ¼ 3:621; p <
:001; pause 40: F ð8; 104Þ ¼ 2:492; p < :02; and pause

120: F ð8; 104Þ ¼ 5:857; p < :001; pause 160: (F ð8;
104Þ ¼ 2:388; p < :05). For the majority of continua,
differences (based on post hoc analyses) emerged be-

tween normal controls and both patient groups for

longer duration keywords only (i.e., continua steps 4

and 5 or 3, 4, and 5 only); the responses of the LHD and

RHD patients did not differ significantly.

Given that there is normally heterogeneity of per-

formance within patient groups (e.g., Baum et al., 1997),

it is important to examine the performance of the indi-
vidual subjects within each group. Among the LHD

subjects, five (LHD 2, 5, 6, 7, and 8) performed similarly

to normal subjects, with >70% of responses in the in-

tended direction with a pause of 40ms and keyword

duration of 363ms (B3) for the PB_G continua. These
subjects experienced somewhat more difficulty with the
P_BG continua (as did the normal controls), with fewer

subjects (LHD 6, 7, and 8) performing accurately (>70%

of intended responses), and requiring more salient

minimum cues (a pause of 160ms and keyword duration

of 364ms (P3)) to achieve relatively consistent re-

sponding. In contrast, four other subjects (LHD 1, 3, 4,

and 10) failed to show any marked improvement in

performance, regardless of cue salience for both P_BG
and PB_G continua. The remaining subject in this group

(LHD 9) did show some increase in accuracy with the

longer keyword and pause durations in both continua,

at times achieving >70%, but this level of performance

was sporadic. With regard to the RHD group, four of

the nine subjects (RHD 2, 3, 5, and 8) usually achieved

>70% accuracy in their responses across all pause du-

rations with a minimum keyword duration of 363ms
(B3) for the PB_G continua. Despite the relatively

strong performance of these subjects, however, inexpli-

cable drops in accuracy often occurred; for example, one

subject displayed 100% expected performance at one

step, but dropped to 60% at the next, more salient, step.
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This variability even within a subject may suggest that,
at least for some patients with RHD, accurate perfor-

mance is spurious, or alternatively, that some patients

may experience difficulty attending to the task. Again,

the RHD subjects experienced more difficulty with the

P_BG continua. Whereas the strong performers often

achieved 100% accuracy with the PB_G continua,

maximum performance never rose above 80% for the

P_BG continua. Moreover, while two subjects (RHD 2
and 5) achieved this maximum performance for the

longer pause durations with keyword durations of

364ms (P3), the rest of the �strong� performers required

relatively stronger cues to achieve the same level of ac-

curacy (in particular, the longest keyword duration,

443ms (P5)). In contrast to these individuals, four other

subjects (RHD 1, 4, 6, and 9) failed to show any marked

improvement in performance, regardless of cue salience
for both P_BG and PB_G continua. The remaining

subject (RHD 7) showed a trend toward improved

performance with increasing cue salience, especially with

the P_BG continua. Consideration of the diagnostic

characteristics of each subject failed to suggest any

obvious explanations for the individual variations

observed in the data for either patient group.

The present experiment investigated the relationship
between two temporal prosodic cues in identifying

phrasal boundaries—the duration of the preboundary

word (vs non-boundary positions) and duration of the

pause at phrase boundaries (vs within phrases). Both of

these cues have been shown to be important in disam-

biguating phrasal groupings (Price et al., 1991; Scott,

1982). These two cues were systematically manipulated

to determine the critical durations of each necessary for
both non-brain-damaged listeners and LHD and RHD

patients to accurately identify phrasal boundaries. Re-

call that it was expected that LHD listeners would re-

quire longer durations, and RHD participants, while

possibly impaired, would be able to make use of tem-

poral cues in a manner more similar to that of normal

listeners.

The results showed that normal controls used both
cues in combination to determine the intended phrasal

groupings. For both the P_BG and PB_G continua,

reasonably consistent responses (P70%) were obtained

with moderate keyword (approximately 363ms, or step

3 of both continua) and short pause (minimum 40 ms)

durations. While shorter word durations (steps 1 and 2)

were insufficient to disambiguate the phrasal groupings

even with the longest phrase boundary pause, listeners
were able to accurately identify phrasal groupings when

the longest word duration was paired with the 0ms

pause duration.

Based on previous research suggesting the preferen-

tial processing of temporal parameters in the left hemi-

sphere (e.g., Penhune et al., 1996; Robin et al., 1990;

Van Lancker & Sidtis, 1992), the LHD participants were
expected to show deficits in the use of these duration
cues in determining phrasal groupings. The LHD group

did, in fact, show clear deficits in the use of the temporal

cues; compared to the performance of the NC subjects,

they were unable to identify the phrase boundaries de-

lineated by cues whose durations were more than ade-

quate for unimpaired listeners. However, because they

failed to show improvement as cue salience was in-

creased, it was not possible to draw conclusions re-
garding the sensitivity of these individuals to temporal

prosodic cues, or the threshold of perception for either

cue.

While it was not unexpected that the RHD patient

group would show deficits in prosodic processing (Baum

et al., 1997; Blumstein & Cooper, 1974; Van Lancker &

Sidtis, 1992), what was surprising was the degree of

impairment. Although the RHD subjects generally
outperformed the LHD subjects, the group differences

were not statistically significant. In other words, rather

than displaying temporal processing abilities similar to

those of unimpaired individuals, the RHD subjects be-

haved more like listeners believed to have specific defi-

cits in processing this type of acoustic information. Even

with the longest duration stimuli (i.e., longest pause with

longest keyword duration, displayed in the last data
points in graphs of Figs. 1–4), the RHD subjects failed

to show normal temporal processing abilities.

Whereas the normal control participants were able to

make use of the two temporal cues to identify the phrase

boundaries, neither patient group was consistently able

to use either cue in boundary identification judgments.

Based on the data at hand, it was therefore not possible

to determine the temporal threshold required by the
brain-damaged patients for phrase boundary identifi-

cation. A second experiment was thus designed to de-

termine whether further increases in pause durations,

beyond those studied in Experiment 1, would permit the

brain-damaged patients in both groups to identify the

phrasal groupings. Increases in word durations were not

further assessed to avoid creating unnatural-sounding

stimuli.
3. Experiment 2

3.1. Methods

3.1.1. Subjects

Most of the same individuals as in Experiment 1
served as participants. Three LHD and two RHD pa-

tients who were unable to participate in the second ex-

periment were replaced by comparable alternates. These

new subjects also passed all the necessary screening tests

for inclusion in the study. The characteristics of these

subjects appear in Table 1, along with the participants

from Experiment 1.
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across the pause duration continuum.
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3.1.2. Stimuli

To create a new set of P_BG stimuli, the longest

‘‘pink’’ keyword was followed by pauses ranging from

160ms (the longest pause used in Experiment 1) to

480ms in 80ms steps. These were then concatenated

with the original ‘‘and,’’ followed by the shortest

‘‘black’’ keyword (to create the greatest contrast), the

original ‘‘and’’ and the original ‘‘green.’’ Similarly, to

create PB_G stimuli, the shortest ‘‘pink’’ and original
‘‘and’’ were followed by the longest ‘‘black’’ and pauses

again ranging from 160 to 480ms, followed by ‘‘and’’

and ‘‘green.’’ There were thus a total of 10 stimuli, five

intended as P_BG groupings and five intended as PB_G

groupings.
3.1.3. Procedure

A test tape was made including 10 repetitions of each
of the phrasal stimuli in random order. Testing proce-

dures paralleled those in Experiment 1.
3.2. Results and discussion

The percentage of correct responses for NC, LHD,

and RHD patients for the P_BG and PB_G pause du-

ration continua are displayed in Figs. 5 and 6, respec-
tively. A Group� Step ANOVA was performed on the

raw data for each continuum. Analysis of the P_BG

continuum revealed significant main effects for Step

(F ð1; 104Þ ¼ 6:733; p < :001) and Group (F ð2; 26Þ ¼
5:025; p < :05), but no significant interactions. Post hoc

analysis using the Newman–Keuls procedure revealed

that across the groups, the two pause steps of shortest

duration (120 and 240ms) yielded significantly fewer of
the intended (i.e., P_BG) responses than the two longest

pause durations (400 and 480ms), suggesting a trend

towards increased accuracy in identifying phrasal

groupings with increased salience of the intra-boundary

pause, averaged across groups. Post hoc analyses of the
Fig. 5. Percent P_BG responses by NC, RHD, and LHD subjects

across the pause duration continuum.
Group main effect showed that normal controls� accu-
racy was significantly better than that of the RHD

patients, but neither differed significantly from the

LHD individuals, whose scores fell between these two

groups.
Analysis of the PB_G continuum also revealed sig-

nificant main effects for both factors (Step:

F ð4; 104Þ ¼ 3:464; p < :05 and Group: F ð2; 26Þ ¼
169:985; p < :01), but no interaction. Post hoc tests

showed that the only significant difference in pause step

duration was between the shortest (160ms) and longest

(480ms) steps, suggesting a less-obvious trend towards

improved accuracy with increased pause salience. Post
hoc analysis of the main effect for Group revealed the

same pattern as for the P_BG continuum: normal con-

trol subjects outperformed RHD patients, but neither

differed from the LHD patient group.

The percentage of ‘‘correct’’ phrase boundary iden-

tifications for the LHD group (i.e., responses that were

in the direction intended for each continuum) in Ex-

periment 2 ranges from 64 to 87% for the P_BG series,
and from 71 to 83% for the PB_G series. If these results

are compared with the corresponding conditions from

Experiment 1, i.e., the longest keyword (‘‘pink’’ or

‘‘black’’) duration with increasing pause-duration con-

tinuum (from 0 to 160ms), where the ‘‘correct’’ re-

sponses ranged from 36 to 54% for the P_BG continuum

and from 58 to 72% for the PB_G continuum, a clear

trend towards improved performance with increasing
pause durations for the LHD patients becomes appar-

ent. The procedural variations between Experiments 1

and 2 make it difficult to draw firm conclusions re-

garding this trend. For example, the larger number of

repetitions of each stimulus in Experiment 2 (10 repeti-

tions, versus five in Experiment 1) provides increased

opportunity for subjects to respond correctly, or per-

haps to improve over time, which could account for the
findings of improved accuracy in Experiment 2. How-

ever, it is more likely that the trend reflects an ob-

servable benefit for the LHD patients of the exaggerated
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pause durations in Experiment 2, as neither the RHD
nor the NC subjects showed similar trends with the in-

creased number of repetitions.

While the performance of the LHD patients as a

group improved with increasing pause durations, the

Group� Step interaction failed to reach significance, as

noted above. Individual variability in performance

within the LHD group may account for the absence of a

significant interaction. Specifically, three of the LHD
participants performed at or near ceiling (LHD 2, 7, and

12) from the first pause step (160ms) of both continua,

while in contrast, two others (LHD 4 and 5) showed

little benefit of the increased salience of this cue, and

their performance remained low throughout. With these

two extremes in performance, then, a trend of im-

provement with increased cue salience is less obvious in

the group data. There are no obvious clinical reasons for
these individuals to have performed so differently from

the rest of the group. It is conceivable, however, that

certain individuals rely more heavily on keyword dura-

tion in rendering phrase grouping decisions, whereas

others assign more weight to pause duration cues. This

hypothesis remains to be verified.

In contrast to the improved abilities of the LHD lis-

teners to identify phrase boundaries given the exagger-
ated pause, the RHD subjects� accuracy rates did not

improve in response to the augmented temporal cue.

Their mean identification rates in Experiment 2 ranged

from 47 to 69% ‘‘correct’’ for P_BG and from 53 to 62%

for PB_G, compared to 60 to 71% (P_BG) and 58 to

67% (PB_G) in the corresponding conditions in Exper-

iment 1. These results are surprising, given that past

research has shown that listeners with right-hemisphere
lesions tend to be able to produce and perceive linguistic

prosodic cues with better accuracy than LHD individ-

uals (Baum et al., 1982; Behrens, 1988; Emmorey, 1987;

Gandour et al., 1993, 1995, 1992; Pell & Baum, 1997;

but cf. Blumstein & Cooper, 1974; Br�aadvik et al., 1991),

particularly if the contrasts are signaled by temporal

parameters (Robin et al., 1990; Tallal & Newcombe,

1978; Van Lancker & Sidtis, 1992). However, the RHD
patients in the current investigation failed to show the

expected pattern in both experiments.

Individual variability in performance profiles was

also observed within the RHD patient group. Two of

the RHD participants (RHD 2 and 5) performed at or

near ceiling on both continua, and two additional sub-

jects performed at ceiling on the PB_G continuum alone

(RHD 3 and 11). In contrast, four subjects from this
group (RHD 1, 4, 9, and 10) performed very poorly

regardless of the increase in pause durations, suggesting

that they were not able to use the temporal cue to assist

in their boundary decisions. Again, there are no obvious

clinical reasons, based on the diagnostic characteristics

of these patients, for the performance patterns observed

for individual subjects.
4. General discussion

The goal of the present study was to assess the sen-

sitivity of individuals with left- or right-hemisphere

brain damage, relative to normal controls, in perceiving

the temporal cues marking phrase boundaries. The two

relevant cues—increase in the duration of the pre-

boundary word and of the pause at the boundary

(Lehiste, Olive, & Streeter, 1976; Price et al., 1991; Scott,
1982; Streeter, 1978)—were independently manipulated,

to determine the relative thresholds of each needed for

identifying the intended phrase groupings of ‘‘pink and

black and green’’ (PBG, P_BG, and PB_G). As ex-

pected, non-brain-damaged individuals were sensitive to

the temporal manipulations; even when the durations

were significantly shorter than those that occur in cita-

tion-form speech, unimpaired listeners were able to
correctly identify the intended phrasal groupings, espe-

cially when both cues were used in combination.

Given the evidence found throughout the literature of

impairments in temporal processing following LH brain

damage (Robin et al., 1990; Tallal & Newcombe, 1978;

Van Lancker & Sidtis, 1992), it was expected that the

LHD patients would have higher thresholds for per-

ceiving durational prosodic cues. The combined results
from the two experiments presented here are consistent

with this expectation. In Experiment 1, LHD listeners,

as a group, were not able to consistently identify phrasal

groupings when presented with stimuli for which non-

impaired individuals performed near ceiling. However,

when the pause durations were exaggerated beyond

normal levels in Experiment 2, the performance of the

LHD patient group improved (although still not to
levels comparable to those of the normal controls),

suggesting that, in general, LHD patients may exhibit a

lowered sensitivity (i.e., higher threshold) to such cues,

rather than an overall inability to perceive them, or to

map them to linguistically significant contrasts (see, e.g.,

Johnsrude et al., 2000; Robin et al., 1990).

Recall, however, that individual variability within the

LHD group was evident. Following Experiment 2, there
were three subjects performing consistently at ceiling,

two of whom had continued this high level of perfor-

mance from Experiment 1 (LHD 2 and 7), and one who

was a replacement subject (LHD 12) who only partici-

pated in the second study. In addition, there were two

subjects (LHD 4 and 5) who showed no improvement at

all between Experiments 1 and 2, despite the augmented

temporal cues. Nevertheless, half of the LHD patients
(LHD 1, 9, 10, 11, and 13) showed clear improvements

in their ability to identify phrasal groupings as salience

of the temporal cues increased: LHD 1, 9, and 10

showed this improvement between Experiments 1 and 2,

while LHD 11 and 13, who were replacement subjects

introduced in Experiment 2, gradually increased their

accuracy with the progressively longer-duration inter-
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phrase pauses presented within Experiment 2. In other
words, most of those LHD patients who had shown

deficits in temporal processing exhibited improved per-

formance when the relevant temporal parameters were

exaggerated beyond durations shown to be adequate for

normal listeners. While the findings here of temporal

processing deficits in many of the LHD patients are

consistent with most of the data reported in the litera-

ture (e.g., Baum et al., 1997; Johnsrude et al., 2000;
Robin et al., 1990; Van Lancker & Sidtis, 1992), the

present set of experiments extends these findings by

supporting suggestions that the temporal processing

deficit following left hemisphere damage reflects a shift

in the threshold of perception of temporal parameters

rather than an inability to process them or assign them

to linguistically significant prosodic contrasts.

As noted earlier, the results for the RHD group were
somewhat unexpected. Although some degree of im-

pairment in the identification of phrase boundaries rel-

ative to normal was expected given past findings (e.g.,

Baum et al., 1997), it was nevertheless anticipated that

the thresholds at which the pause and keyword dura-

tions would yield reasonably consistent phrase bound-

ary identifications would be closer to normal, given the

widely held theory that RHD patients are better able to
make use of temporal cues to prosody (e.g., Van Lanc-

ker & Sidtis, 1992). In Experiment 1, where shorter-

than-normal durations were manipulated, the RHD

patients performed equally inaccurately to the LHD

patients. Moreover, when pause durations were manip-

ulated to exceed normal values in Experiment 2, the

RHD group was still unable to make use of this cue to

improve their accuracy. Results from both experiments,
then, suggest a deficit on the part of the RHD patients in

the ability to identify phrasal groupings based on tem-

poral cues. Examination of the performance of the in-

dividual subjects within this patient group reinforces this

conclusion. Of all RHD subjects who performed poorly

in Experiment 1, only one (RHD 6) showed improve-

ment across experiments as temporal cues were in-

creased. (RHD 7 had shown some improvement within
Experiment 1, but because this subject did not partici-

pate in Experiment 2, we were unable to conclude with

any certainty that performance would have continued to

improve with exaggerated cue durations.) This is in

contrast to the LHD patients� performance, where most

of those who experienced difficulty in processing the

temporal prosodic information increased the accuracy

of their performance with stronger durational cues.
Even among those RHD patients who performed well

(RHD 2, 3, and 5 across experiments; RHD 8 in Ex-

periment 1; RHD 11 in Experiment 2), there was

marked variability in performance within the individual,

suggesting that some RHD patients are unable to per-

form the task accurately on a consistent basis, or alter-

natively, that some other mechanism, such as attention
deficits, may interfere with otherwise intact processing
abilities.

Despite the fact that the overall performance of the

RHD group was poorer than expected, it is nevertheless

clear that the LHD and RHD populations are distin-

guishable based on their performance profiles. In Ex-

periment 1, the RHD patients showed a slight tendency

to outperform the LHD patients in temporal prosodic

processing. In Experiment 2, the LHD group improved
with increasing cue duration, while the RHD group

failed to show differential responding with increased cue

salience. The difference in group response patterns sug-

gests that there are most likely different mechanisms

underlying the difficulties experienced by the two patient

groups.

As described in Section 1, different theories have been

put forth to explain the prosodic deficits observed sub-
sequent to left versus right hemisphere brain damage.

While it has generally been established that the neuro-

anatomical regions subserving prosodic processing are

distributed in both cerebral hemispheres, it remains

unclear which aspects of prosody are controlled where.

The functional lateralization hypothesis (Van Lancker,

1980) asserts that linguistic prosody, such as lexical and

emphatic stress, phonemic tone, declarative/interroga-
tive sentence intonation, and syntactic disambiguation

(including phrase grouping identification), is mediated

by the LH, whereas emotional prosody is mediated by

the RH. Many studies have, in fact, shown more deficits

in processing linguistic cues subsequent to LHD (Baum

et al., 1982; Emmorey, 1987; Gandour et al., 1992; Pell

& Baum, 1997) and fewer deficits following RHD

(Behrens, 1988; Emmorey, 1987; Gandour et al., 1993,
1995). A more recent theory, the differential cue later-

alization hypothesis (Van Lancker & Sidtis, 1992) posits

that individual acoustic cues are differentially lateral-

ized, with spectral information, such as F0, processed by

the RH and temporal parameters processed by the LH.

There are both behavioural (Carmon & Nachshon,

1971; Robin et al., 1990; Tallal & Newcombe, 1978; Van

Lancker & Sidtis, 1992) and neurofunctional (Li�eegeois-
Chauvel et al., 1999, 2001; Zatorre, 1988; Zatorre et al.,

1992) studies which have supported this view, as well.

For example, anatomical differences between the left

and right auditory cortices have been found, suggesting

the possibility of different processing functions of the

two hemispheres (Penhune et al., 1996). Moreover,

neuroimaging and physiological studies have recently

supported left hemisphere superiority for temporal
processing, while spectral processing was more lateral-

ized to the right hemisphere (e.g., Johnsrude et al., 2000;

Li�eegeois-Chauvel et al., 1999, 2001; Zatorre, 1988).

It was anticipated that the specific manipulations of

temporal prosodic cues within a restricted linguistic

function (phrase boundary disambiguation) in the

present investigation would have allowed the issue of
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lateralization of temporal prosodic information to be
directly addressed.

In particular, the purpose of the current study was to

determine whether individuals with LHD show specific

deficits in processing temporal prosodic information in

linguistic stimuli. If so, the experimental manipulations

should have resulted in increased accuracy of perfor-

mance on the task with increases in temporal cue sa-

lience for the LHD subjects, relative to that of normal
controls. This was, in fact, the pattern that emerged for

the LHD patients; we were furthermore able to char-

acterize the nature of the deficit as a decreased sensi-

tivity, or higher threshold of perceptibility, of the

temporal cues to linguistic prosody, as opposed to a

general inability to perceive the cues, or to associate

them with meaningful linguistic contrasts (Johnsrude

et al., 2000; Robin et al., 1990). These results, then, may
be interpreted as consistent with the lateralization of

processing of (linguistic) temporal prosodic cues to the

left hemisphere, or at least with a significant role for the

LH in temporal prosodic processing (Carmon &

Nachshon, 1971; Johnsrude et al., 2000; Li�eegeois-
Chauvel et al., 1999, 2001; Penhune et al., 1996; Robin

et al., 1990; Tallal & Newcombe, 1978; Van Lancker &

Sidtis, 1992; Zatorre, 1988; Zatorre et al., 1992).
Nonetheless, given that the RHD patients also

showed temporal processing deficits, it is difficult to

posit complete lateralization of temporal cue. To do so,

one would have expected these subjects� performance to

mirror that of the normal controls. However, our in-

terpretation of the findings for the RHD subjects does

not preclude substantial lateralization of temporal pro-

cessing. As discussed above, the fact that the RHD
group generally failed to improve with increased cue

salience suggests that there may be some reason other

than temporal processing deficits underlying their poor

performance. The results for the RHD group (i.e., dif-

ficulty with a linguistic prosodic task) are also not

consistent with the functional lateralization hypothesis,

although it is difficult to draw conclusions from the

present data, as one may only speculate as to the reason
for the poor performance of the RHD group. One

possible explanation is that these individuals have par-

ticular difficulty attending to the task, resulting in re-

duced accuracy in performance. A second possibility

relates to the difficulty that some RHD patients have

with selecting from among multiple response alterna-

tives (Leonard, 1994). In the present experiment, lis-

teners were required to choose from among three
response alternatives: P_BG, PB_G or PBG. Perhaps

had a two-alternative forced-choice paradigm been used,

the performance of the RHD patients might have been

more in keeping with that of the normal controls. If

either of these alternatives—attention deficits or diffi-

culty choosing among multiple response alternatives—

underlies the poor performance of this subject group, a
functional lateralization for prosodic processing would
not be precluded, as the impairment would not be spe-

cifically linguistically based.

A final possibility is that the observed deficits in the

RHD patients may signify a reliance of these individ-

uals on multiple cues in processing prosody (e.g., Baum,

1998). The stimuli used in the present experiment con-

tained very few prosodic cues, being very short phrases,

with little variation in F0 or amplitude. In fact, F0
has been suggested as the primary cue to prosodic

information (e.g., Lieberman, 1960), with temporal al-

terations providing secondary (albeit important) infor-

mation (Klatt, 1976; Lyberg, 1979). If RHD patients

require a combination of prosodic cues to accurately

process stimuli, the lack of such important information

in the present stimuli (coupled with their supposed

deficits in processing what little spectral information
there may be; Van Lancker & Sidtis, 1992) may be

masking these patients� otherwise intact ability to pro-

cess temporal cues. Future research focusing on the

need for multiple prosodic cues in RHD populations

would provide the necessary information to resolve this

issue.

An unpredicted, yet interesting, additional finding

was obtained with the two different phrasal groupings
of the stimulus words. Specifically, subjects in all ex-

perimental groups (normal controls, LHD, and RHD)

were generally better at disambiguating the PB_G

continua relative to the P_BG continua; the same pat-

tern was found in both experiments. The reason for this

bias favouring the PB_G grouping is not clear. Perhaps

it reflects a contextual rate normalization effect. If

temporal cues as to the syntactic structure of an utter-
ance, such as those indicating phrase boundaries, are

interpreted relative to the overall temporal characteris-

tics or rate of the utterance, then any given cue would

be easier to interpret when a rate context has already

been established. In the case of the phrase boundaries

studied here, the cues (pre-boundary word durations

and inter-phrase pauses) may be more easily interpret-

able when preceded by a phrase providing multiple cues
to the overall rate of the utterance. In other words,

perhaps there are more cues as to the relative temporal

envelope of the utterance in the PB_G versus the P_BG

conditions. For example, when the PB_G grouping is

heard, there is no pause between ‘‘pink-and-black,’’ the

word ‘‘black’’ is lengthened (and ‘‘pink’’ is not), and an

obvious pause is heard following this string of words

before the utterance is completed (‘‘. . . and green’’).
When P_BG is heard, however, while the two dominant

cues as to phrase grouping are present (i.e., the word

‘‘pink’’ is lengthened and followed by a pause), the

listener does not yet know whether this necessarily in-

dicates phrasal separation from what is yet to be ut-

tered, or simply a slow overall speaking rate. Whichever

possibility is correct is not known until the utterance is
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complete (or at least until adequate cues to speaking
rate have been presented) when the listener may need to

reanalyze, or ‘‘normalize’’ the utterance, to determine

the relative temporal cues indicating phrasal grouping.

Thus the PB_G continua may be easier to disambiguate

because there are more temporal cues available earlier

in the utterance, making the phrasal grouping more

obvious initially, and obviating the need to potentially

reanalyze the sentence. A second alternative is that the
apparent bias may be due to a differential effect of the

keyword manipulations. Specifically, because the [II] in

‘‘pink’’ is inherently quite short, there are limits to the

extent to which it can be lengthened or extended and

retain its natural sound quality. In contrast, whereas the

[�] in ‘‘black’’ is also inherently a lax vowel, it tends to

be much longer in duration and to pattern with long

vowels in rate manipulations (Baum, 1993). As a result,
the P_BG continua may have sounded somewhat more

unnatural in comparison to the PB_G continua, leading

to slightly poorer identification performance across the

board.

In conclusion, the data from the present experiments

show that, whereas normal listeners are able to use

temporal cues indicating phrase boundaries (i.e., in-

creased durations of the pre-boundary word and of the
following inter-phrase pause) to identify phrasal

groupings, both LHD and, surprisingly, RHD patients

(as a group) had significant difficulty processing this

temporal information. Increasing the length of the

pause beyond normal values allowed the LHD patient

group to accurately perform the task, suggesting that

their deficits are mediated by a shift to a higher per-

ceptual threshold for temporal prosodic information in
spoken language. Increasing the salience of the tem-

poral cues had no effect on the RHD patient group�s
performance, suggesting that their difficulties may not

be related to temporal processing, but rather to some
Keyword ‘‘Pink’’ K

Keyword duration continua

P1 Group F ð2; 26Þ ¼ 4:89; p < :020 B

Step F ð4; 104Þ ¼ 8:16; p < :001
P2 Group F ð2; 26Þ ¼ 3:14; p ¼ :060� B

Step F ð4; 104Þ ¼ 12:98; p < :001
P3 Group F ð2; 26Þ ¼ 10:06; p ¼ :001 B

Step F ð4; 104Þ ¼ 10:86; p ¼< :001
P4 Group F ð2; 26Þ ¼ 4:96; p < :02 B

Step F ð4; 104Þ ¼ 3:11; p < :02
P5 Group F ð2; 26Þ ¼ 5:45; p < :02 B

Step F ð4; 104Þ ¼ 4:17; p < :005
other mechanism, such as the limited acoustic cues
available in the stimuli. Limited support for the later-

alization of processing of linguistic temporal prosody

to the left hemisphere, in keeping with the differential

cue lateralization hypothesis (Van Lancker & Sidtis,

1992), emerged in the current investigations. Further

specification as to the nature of right hemisphere def-

icits in this and similar tasks (e.g., Baum et al., 1997) is

necessary to be able to draw more firm conclusions
regarding the neural substrates for linguistic temporal

prosody.
Appendix A

Illustration of continua derived from keyword- and

pause-duration manipulations, using the P_BG group-

ing as an example. Note that 10 different continua are

created, each with five steps: five ‘‘pause duration’’

continua, in which the pause steps vary across each level
of keyword step; and five ‘‘keyword duration’’ continua,

in which the keyword steps vary across each level of

pause step.

Keyword

‘‘Pink’’ steps

Pause steps

(ms)

P1 + ‘‘and black

and green.’’

P2 + ‘‘and black
and green.’’

P3 + ‘‘and black

and green.’’

P4 + ‘‘and black

and green.’’

P5 + ‘‘and black

and green.’’
Appendix B

Main effects following the Subject Group (NC, LHD, RHD)�Continuum Step (0, 40, 80, 120, and 160ms)
ANOVAs.
eyword ‘‘Black’’

1 Group F ð2; 26Þ ¼ 0:31; p ¼ :70�

Step F ð4; 104Þ ¼ 11:57; p < :001
2 Group F ð2; 26Þ ¼ 0:54; p ¼ :59�

Step F ð4; 104Þ ¼ 13:20; p < :01
3 Group F ð2; 26Þ ¼ 5:65; p < :01

Step F ð4; 104Þ ¼ 4:19; p < :01
4 Group F ð2; 26Þ ¼ 4:17; p < :05

Step F ð4; 104Þ ¼ 1:29; p:277�

5 Group F ð2; 26Þ ¼ 5:47; p ¼ :01
Step F ð4; 104Þ ¼ 1:08; p ¼ :371�



Appendix B. (continued)

Keyword ‘‘Pink’’ Keyword ‘‘Black’’

Pause duration continua

P0 Group F ð2; 26Þ ¼ 4:81; p < :02 B0 Group F ð2; 26Þ ¼ 0:17; p ¼ :85�

Step F ð4; 104Þ ¼ 28:16; p < :001 Step F ð4; 104Þ ¼ 38:87; p < :001
P40 Group F ð2; 26Þ ¼ 8:51; p ¼ :001 B40 Group F ð2; 26Þ ¼ 4:35; p < :05

Step F ð4; 104Þ ¼ 24:22; p < :001 Step F ð4; 104Þ ¼ 34:00; p < :001
P80 Group F ð2; 26Þ ¼ 5:52; p ¼ :01 B80 Group F ð2; 26Þ ¼ 5:43; p < :05

Step F ð4; 104Þ ¼ 20:91; p < :001 Step F ð4; 104Þ ¼ 25:65; p < :001
P120 Group F ð2; 26Þ ¼ 5:77; p < :01 B120 Group F ð2; 26Þ ¼ 4:18; p < :05

Step F ð4; 104Þ ¼ 17:32; p < :001 Step F ð4; 104Þ ¼ 21:62; p < :001
P160 Group F ð2; 26Þ ¼ 4:69; p < :02 B160 Group F ð2; 26Þ ¼ 2:24; p ¼ :127�

Step F ð4; 104Þ ¼ 14:98; p < :001 Step F ð4; 104Þ ¼ 14:57; p < :001
* Effects which failed to reach significance.
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