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The relative fundamental frequency (RFF) surrounding production of a voiceless consonant has pre-

viously been shown to be lower in speakers with hypokinetic dysarthria and Parkinson’s disease (PD)

relative to age/sex matched controls. Here RFF was calculated in 32 speakers with PD without overt

hypokinetic dysarthria and 32 age and sex matched controls to better understand the relationships

between RFF and PD progression, medication status, and sex. Results showed that RFF was statisti-

cally significantly lower in individuals with PD compared with healthy age-matched controls and

was statistically significantly lower in individuals diagnosed at least 5 yrs prior to experimentation

relative to individuals recorded less than 5 yrs past diagnosis. Contrary to previous trends, no effect

of medication was found. However, a statistically significant effect of sex on offset RFF was shown,

with lower values in males relative to females. Future work examining the physiological bases of

RFF is warranted. VC 2013 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4776207]

PACS number(s): 43.70.Dn, 43.70.Gr [AL] Pages: 1637–1643

I. INTRODUCTION

Speech symptoms are prevalent in Parkinson’s disease

(PD; Logemann et al., 1978), with voice changes being the

earliest and most common (Holmes et al., 2000). These

symptoms cause significant decreases in patient quality of

life, often well before obvious changes in speech intelligibil-

ity (Miller et al., 2006). However, the specific pattern of the

development of speech symptoms with disease progression is

still unknown. Recent work in the field has indicated that

acoustic measures of speech production can be highly predic-

tive of patient function (e.g., Little et al., 2009; Tsanas et al.,
2010). Our long-term goal is to identify a set of acoustic pa-

rameters that can be used as a biomarker for PD progression.

One potential acoustic measure of interest may be “relative

fundamental frequency” (RFF), which is defined here as the

fundamental frequency (F0) of the cycles immediately before

(vowel offset) and after (vowel onset) production of a voice-

less consonant, normalized by the more typical F0 values of

the voicing before and after the consonant.

Several studies have confirmed characteristic patterns in

RFF of healthy speakers. Ohde (1984) first reported that

speakers had a higher F0 during the first few vocal cycles of

vowel onset after voiceless stop consonant production but

that this pattern was not found during production of voiced
stop consonants. Watson (1998) followed up on this finding

and compared RFF of 10 healthy younger speakers (23 to

27 yrs) to those of 10 healthy older speakers (68 to 85 yrs).

He found (1) that while younger speakers had relatively sta-

ble (near zero) offset RFF values, older speakers showed

lower (negative) offset RFF (Watson, 1998) and (2) that

both younger and older speakers displayed large, positive

values of RFF in the first vocal cycles of vowel onset.

The physiological bases of RFF production are currently

uncertain but several potential mechanisms have been sug-

gested. Laryngeal tension is thought to be increased preced-

ing, during, and immediately after voiceless consonant

production (Stevens, 1977; L€ofqvist et al., 1989), which

could contribute to a higher offset (before the consonant)

and onset (after the consonant) RFF. Peak and minimum

airflow values are known to increase during vowel offset and

onset surrounding a voiceless consonant (Lofqvist and

McGowan, 1992; Lofqvist et al., 1995), which could create a

large Bernoulli force and cause rapid adduction of the vocal

folds and thus a higher onset RFF (Ladefoged, 1967, p. 33).

Finally, vocal fold abduction can occur during vowel offset

prior to voiceless consonant production (Fukui and Hirose,

1983), which could potentially lead to lowered offset RFF.

Watson (1998) proposed that the steady offset RFF in

younger speakers could be a result of a combined increase of

tension (increasing RFF) and vocal fold abduction (decreas-

ing RFF), whereas older speakers could be using only vocal

fold abduction prior to devoicing, resulting in the noted low-

ering of their offset RFF.

Goberman and Blomgren (2008) studied the RFF of

nine individuals with hypokinetic dysarthria and PD. They

found that these individuals displayed significantly lowered

offset and onset RFF while OFF medication when compared

to eight age-matched controls. In addition they reported a

trend for speakers with PD to have higher RFF values ON

medication relative to OFF (Goberman and Blomgren,

2008). Potential explanations for these findings are varied. It

is possible that individuals with PD initiate vocal fold abduc-

tion earlier in order to compensate for their difficulties with

rapid termination of voicing (Gallena et al., 2001), which

would lower values of offset RFF but should not affect onset
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RFF. Individuals with PD have been shown to exhibit a high

incidence of vocal fold bowing (Blumin et al., 2004);

although bowing has been shown to correlate with contact

area of the vocal folds and breathiness (Mau et al., 2011),

the effects of bowing on F0 short-term modulation are not

yet known. Increased bowing could potentially affect laryn-

geal kinematics, aerodynamics, and tension and could have

myriad effects on RFF production. Finally, laryngeal rigidity

is thought to be a symptom of PD and increased thyroaryte-

noid muscle activation has been correlated with perceptual

measures of impairment in voice onset and offset in individ-

uals with PD (Gallena et al., 2001). Increased baseline laryn-

geal muscle tension in individuals with PD could impede

their ability to use tension as a devoicing strategy, effec-

tively lowering both offset and onset RFF values.

Although consistent RFF patterns have been found in

healthy speakers, many factors that may affect RFF are still

unknown. In this work, we sought to examine RFF in a

larger population of older speakers, including individuals

with PD without overt hypokinetic dysarthria to better

understand the impact of PD (and PD medication status) as

well as the potential effects of PD progression and sex.

Given the previous findings by Goberman and Blomgren

(2008), we hypothesized that both offset and onset RFF val-

ues would be significantly lower in individuals with PD rela-

tive to healthy controls. We hypothesized that use of a

greater number of participants would show onset and offset

RFF values to be significantly higher while ON medication

relative to OFF medication, confirming the previously

reported trend (Goberman and Blomgren, 2008). We further

hypothesized that individuals with early PD would show

higher RFF values relative to individuals with more pro-

gressed PD. Because no previous study has tested or reported

an effect of sex on RFF, we did not hypothesize an effect of

sex on the RFF in our study population.

II. METHODOLOGY

A. Participants

Participants were 32 individuals with PD (9 females)

and 32 control speakers with no history of neurological or

speech disorders (9 females), all of whom completed the

study with informed consent. All participants were free of

any other neurological, speech, or language disorders except

that several individuals reported minor age-related hearing

loss. The mean disease duration of participants with PD was

8.6 yrs for females [standard deviation (SD)¼ 7.3, range¼ 1

to 20] and 5.3 yrs for males (SD¼ 3.655, range¼ 0.5 to 16).

For statistical analysis of the effects of disease duration, PD

participants were grouped into individuals with disease dura-

tions of less than 5 yrs (N¼ 15; 3 female) and those with dis-

ease durations of 5 yrs or more (N¼ 17; 6 female). Full

demographics for PD participants are shown in Table I.

B. Experimental design

Participants with PD regularly used carbidopa/levadopa

medication but each participant with PD was tested first OFF

and then ON medication for this study. Individuals with PD

did not take their regular morning medication on the day of

testing such that their last dose was taken at least 9 h prior to

testing. After the completion of OFF testing, participants

took their medication at the regular dose. ON testing com-

menced after the medication took effect, which was usually

within 45 min. For control participants, speech data were

collected only at a single time point.

During testing, all participants read the first paragraph

of “The Rainbow Passage” (Fairbanks, 1960, p. 127) as well

as three iterations of the sentence “At sea, Molly feeds Luke

toffee too.” This sentence was chosen to provide ample sam-

ples of RFF production within a relatively short stimulus.

These tasks were part of an extended speech production

protocol consisting of vowel productions, read speech, and

spontaneous speech that took approximately 10 min to com-

plete. Speech was recorded at 44.1 kHz in a quiet room using

a portable digital audio recorder (Olympus Linear PCM

recorder, LS-10, Olympus Corp., Tokyo) and a headset

microphone (Shure WH20, Shure, Inc., Niles, IL) placed

10 cm from the lips (at a 45� angle from the midline). Partic-

ipants were directed to speak in their normal, conversational

voices.

During both the OFF and ON medication states, a

licensed physical therapist and clinical researcher (S.P., see

TABLE I. Participant characteristics.

Participant Sex Age

Years

post-Dx

UPDRS

2.1

UPDRS-III

(OFF)

UPDRS-III

(ON)

S2 M 75 0.5 0 20 10

S3 F 68 7.0 0 10 3

S4 M 60 5.0 1 26 22

S5 M 64 16.0 0 16 14

S6 F 48 6.0 1 54 40

S7 M 83 3.5 0 22 22

S8 M 67 1.0 0 22 17

S10 F 72 7.0 3 25 20

S11 M 89 4.5 0 24 19

S12 F 56 1.0 0 12 8

S13 F 64 2.5 0 8 8

S14 M 60 1.5 0 13 6

S15 M 63 6.0 2 33 25

S16 M 76 5.5 1 23 12

S17 M 71 3.0 1 14 13

S18 M 68 4.0 0 10 8

S19 M 73 3.0 2 20 16

S21 M 77 4.0 0 15 15

S22 M 66 7.0 1 22 13

S23 M 73 9.0 3 45 44

S24 F 59 18.0 1 22 20

S25 M 65 7.0 3 27 27

S26 M 81 3.0 2 24 24

S27 M 70 5.5 1 16 16

S28 M 51 12.0 3 25 16

S29 M 69 5.0 0 9 2

S30 F 70 1.0 0 4 4

S31 M 70 3.0 3 25 7

S32 M 61 10.0 1 4 4

S33 F 77 16.0 2 41 30

S35 F 79 20.0 3 43 29

S36 M 58 2.5 0 15 15

1638 J. Acoust. Soc. Am., Vol. 133, No. 3, March 2013 Cara E. Stepp: Relative fundamental frequency in Parkinson’s disease

Downloaded 22 Jul 2013 to 128.197.120.151. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



Acknowledgments) administered and scored the UPDRS

(Unified Parkinson’s Disease Ratings Scale; Sec. I, II, and III)

for participants with PD.

C. Data analysis

A total of 12 voiced-voiceless-voiced (VcV) produc-

tions were used for analysis (see Table II): Three from the

Rainbow Passage and three from each of the three produc-

tions of the additional sentence, “At sea, Molly feeds Luke

toffee too.” A single investigator (author C.S.) performed

acoustic analysis by displaying the time wave-forms of the

samples in Praat acoustic analysis software (Boersma and

Weenink, 2008) and measuring the ten periods of vibration

prior to (vowel offset) and after (vowel onset) the voiceless

consonant using the pulse function (see Fig. 1). Ten periods

were used for analysis in order to be consistent with previous

work (e.g., Goberman and Blomgren, 2008). The instantane-

ous F0 for the ten offset and ten onset cycles were calculated

as the inverse of each period. All instantaneous frequencies

were converted to semitones (STs) relative to a reference

instantaneous frequency: For offset cycles the first cycle and

for onset cycles the final (10th) cycle. These reference fre-

quencies come from the two furthest cycles from the conso-

nant production and are least likely to be affected by it.

Conversion from instantaneous frequencies (f) to STs was

accomplished via Eq. (1) using the appropriate reference fre-

quency (fref),

ST ¼ 39:86 � log10ðf=frefÞ: (1)

RFF for each sample was averaged across all 12 avail-

able VcV productions studied to provide a more stable esti-

mate of RFF. The decision to include VcV productions from

a variety of phonetic contexts is supported by previous work

in healthy young adults (Stepp et al., 2010), which did not

find statistically significant differences among the RFF

across three different voiceless consonant productions within

individual participants. For some of the 12 productions, glot-

talization or a lack of periodicity prior or following the

voiceless consonant production or inadequate length of voic-

ing made it impossible to reliably determine RFF. In these

cases RFF values from that production were excluded and

only the remaining productions contributed to the average

for that sample. An average of 7.4 [standard deviation

(STD)¼ 2.4] productions were used for the RFF offset aver-

ages and 7.5 (STD¼ 2.6) productions for the RFF onset

averages of each sample.

The author re-evaluated approximately 15% of the sam-

ples 9 months after the initial evaluation to assess intra-rater

reliability (Pearson’s r¼ 0.96); the average difference for all

RFF values in this sample was 0.08 ST. A second trained

researcher (M.C., see Acknowledgments) analyzed approxi-

mately 15% of the samples to assess inter-rater reliability

(Pearson’s r¼ 0.96); the average difference for all RFF val-

ues between the two raters was –0.04 ST. These results sug-

gest high reliability of the acoustic analysis methodology

employed.

D. Statistical analysis

All statistical analyses were completed using Minitab

Statistical Software (Minitab Inc., State College, PA). A

3-factor general linear model was used on the full dataset

(96 samples) to determine the effects of group (PD OFF, PD

ON, and control), sex (male or female), and vocal cycle (off-

set cycles 1 to 10 and onset cycles 1 to 10) as well as the

three interactions among these factors. A 4-factor general

linear model was applied to only the PD data (64 samples) to

determine the effects of disease duration (<5 yrs or �5 yrs),

medication status (OFF or ON), sex, and vocal cycle as well

as the 6 interactions among the factors. An alpha level of

0.05 or less was considered significant. Post hoc Tukey si-

multaneous tests were applied as appropriate. To determine

the strength of linear relationships among measures, coeffi-

cients of determination (R2) were calculated to predict the

variance explained.

III. RESULTS

The mean UPDRS total scores in female participants

with PD while OFF medication was 52.1 (SD¼ 35.8,

range¼ 9 to 97). The mean UPDRS total scores in male par-

ticipants with PD while OFF medication was 40.9

(SD¼ 19.8, range¼ 9 to 91). On average, UPDRS scores

were reduced by 5.0 (SD¼ 5.0; range¼ 0 to 18) while ON

medication relative to OFF medication. Disease duration and

OFF medication UPDRS scores were statistically signifi-

cantly (p¼ 0.003) but weakly (R2¼ 0.25) correlated. This

finding is not surprising given the uncertainty associated

with PD diagnosis due to its long preclinical period and the

non-linear progression of the disease (Hilker et al., 2005).

A 3-factor general linear model applied to the full data-

set (see Table III) found a significant effect of group (PD

OFF, PD ON, and control; p¼ 0.008), sex (p< 0.001), and

vocal cycle (p< 0.001) as well as the interaction of cycle

� sex (p< 0.001). The effects of group and sex were small

(both gp
2¼ 0.01), whereas the effect of the cycle was large

(gp
2¼ 0.76) and the interaction of cycle � sex was in the

TABLE II. RFF productions used for analysis.

Surrounding text RFF phonetic transcription

“no one ever finds it” /@r/ /f / /aI/
“is looking for” /U/ /k/ /I˛/

“looking for the” /I˛/ /f / /Or/

“Molly feeds Luke” /i/ /f/ /i/

“Luke toffee too” /O/ /f/ /i/, alternatively /A/ /f/ /i/

“Luke toffee too” /i/ /t/ /u/

FIG. 1. Example of the acoustic waveform during voice offset and onset

occurring during a healthy older speaker’s production of /ifi/ in “Molly

feeds.”
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moderate range (gp
2¼ 0.08). The interactions of group

� cycle and group � sex were not significant. Post hoc
Tukey’s tests indicated that RFF was significantly higher in

controls compared to PD ON medication but did not show

any significant differences between controls and PD OFF

or between PD ON and PD OFF. A post hoc Tukey’s test

comparing male and female RFF found that RFF was statisti-

cally significantly higher in females compared with males.

Figure 2 shows a plot of RFF as a function of cycle and

group. Figure 3 shows RFF as a function of cycle and sex.

A 4-factor general linear model applied only to the PD

data (see Table IV) found a significant effect of disease dura-

tion (<5 yrs or �5 yrs; p< 0.001), sex (p< 0.001), and

vocal cycle (p< 0.001) as well as the interactions of disease

duration � cycle (p< 0.001) and sex� cycle (p< 0.001).

The effect size of the cycle was again large (gp
2¼ 0.77) and

the interactions of sex � cycle and disease duration � cycle

were both in the small-to-moderate range (gp
2¼ 0.07 and

gp
2¼ 0.05, respectively). The effect sizes for sex and disease

duration were both small (gp
2¼ 0.01 and gp

2¼ 0.02, respec-

tively). No significant effect was found for medication status

(OFF or ON) or the interactions disease duration � sex,

medication status � cycle, medication status � duration, or

medication status � sex. A post hoc Tukey’s test showed

that individuals with more progressed PD had statistically

significantly lower RFF compared to the individuals in ear-

lier stages of the disease. A post hoc Tukey’s test on sex

showed that as in the full dataset females had statistically

significantly higher RFF than males. RFF as a function of

cycle and disease status in participants with PD is shown in

Fig. 4.

The changes in RFF offset cycle 10 and onset cycle 1

with medication (ON medication—OFF medication) were

determined for each participant with PD. These RFF changes

with medication were compared with: (1) Each participant’s

change (ON medication—OFF medication) in motor func-

tion estimated by the change in the motor section of the

UPDRS (UPDRS-III) and (2) each participant’s self-reported

score on UPDRS item 2.1 (UPDRS scale: Score¼ 0 [non-

existent symptoms], score¼ 1 [slight symptoms], score¼ 2

[mild symptoms], score¼ 3 [moderate symptoms], score¼ 4

[severe symptoms]. Change in UPDRS-III scores were not

statistically significantly (p> 0.05) correlated with the

change in RFF offset cycle 10 (R2¼ 0.05) or with the change

in RFF onset cycle 1 (R2¼ 0.02). Likewise, UPDRS item 2.1

scores were not statistically significantly (p> 0.05) corre-

lated with the change in RFF offset cycle 10 (R2< 0.01) or

with the change in RFF onset cycle 1 (R2< 0.01). The rela-

tionships between RFF changes, changes in UPDRS-III, and

UPDRS item 2.1 scores are shown in Fig. 5.

IV. DISCUSSION

The goal of this work was to characterize RFF in a large

population of older speakers with and without PD to deter-

mine the impact of PD (including medication status and dis-

ease progression) and sex. Overall, our results indicate that

RFF is statistically significantly lower in individuals with PD

compared with healthy age-matched controls and individuals

with PD with longer disease durations have a lower RFF

TABLE III. Results of 3-factor general linear model on full dataset.

Effect DF gp
2 F p

Cycle 19 0.76 214.1 <0.001

Group (CTRL, PD ON, PD OFF) 2 0.01 4.9 0.008

Sex (M, F) 1 0.01 21.6 <0.001

Group � sex 2 <0.01 0.454

Cycle � group 38 0.01 0.7 0.944

Cycle � sex 19 0.08 9.0 <0.001

FIG. 2. Mean values of RFF as a function of group (control, ON medication

speakers with PD, and OFF medication speakers with PD) and cycle (offset

1 to 10 and onset 1 to 10). Error bars indicate the 95% confidence intervals

for the means.

FIG. 3. Mean values of RFF as a function of sex and cycle (offset 1 to 10

and onset 1 to 10). Error bars indicate the 95% confidence intervals for the

means.

TABLE IV. Results of 4-factor general linear model on PD data only.

Effect DF gp
2 F p

Cycle 19 0.77 143.3 <0.001

Disease duration (<5 yr, �5 yr) 1 0.02 21.1 <0.001

Sex (M, F) 1 0.01 21.4 <0.001

Medication status (OFF, ON) 1 <0.01 1.9 0.171

Disease duration � sex 1 <0.01 0.5 0.490

Disease duration � cycle 19 0.05 3.1 <0.001

Cycle � sex 19 0.07 5.4 <0.001

Medication status � cycle 19 <0.01 0.2 1.000

Medication status � disease duration 1 <0.01 0.0 0.976

Medication status � sex 1 <0.01 1.6 0.211
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compared to individuals with PD who have been more

recently diagnosed. However, these effects were overshad-

owed by a strong effect of sex and strong interaction between

sex and cycle in which females (both PD and control speak-

ers) showed a higher offset RFF compared with males.

A. Effects of PD on RFF

Consistent with our initial hypothesis, our results show

that RFF is statistically significantly reduced in individuals

with PD (ON medication) relative to healthy controls,

although no significant difference was seen between individ-

uals with PD while OFF medication and control speakers.

Although significant, the effect size as a function of group

was small (gp
2¼ 0.01), indicating that whether data were

obtained from healthy speakers or individuals with PD did

not explain a large proportion of the variance in the RFF

data. Samples from speakers with PD (N¼ 32) while OFF

medication were found to have an average offset RFF value

of –1.9 ST (SD¼ 1.2 ST) at cycle 10 and an average onset

RFF value of 2.7 ST (SD¼ 1.2 ST) at cycle 1. Goberman

and Blomgren (2008) reported an average offset RFF value

in OFF medication speakers with PD (N¼ 9) of roughly

–2.2 ST at cycle 10, and an average onset RFF value of

roughly 1.75 ST at cycle 1. These offset values are similar

but our speakers with PD showed a larger onset RFF relative

to those studied by Goberman and Blomgren (2008).

Control speakers (N¼ 32) in this study were found to

have an average offset RFF value of –1.6 ST (SD¼ 1.3 ST)

and an average onset RFF value of 3.2 ST (SD¼ 1.2 ST).

These values are fairly consistent with those found by Watson

(1998), who found an average offset RFF value of –1.7 ST at

cycle 10 and an average onset RFF value of 2.8 ST at cycle 1

in N¼ 10 healthy elderly speakers. Our control data match

less well with the previous data (N¼ 8) of Goberman and

Blomgren (2008). They reported an average offset RFF value

of roughly –1.1 ST at cycle 10, and an average onset RFF

value of 5.5 ST at cycle 1.

In short, the mitigation of the effect of PD on RFF in

our data compared with the previous work by Goberman and

Blomgren (2008) seems to be largely a result of a difference

in our control speaker data: The healthy speakers in their

study seem to show a higher RFF during both offset and

onset compared with the healthy speakers in the current

study. Our belief is that these differences are likely a result

of the differences in the acoustic methodology and sample

size (N¼ 8 vs N¼ 32). In the previous study, an estimate of

RFF was calculated for each speaker based on a single

instance in running speech. Here we have estimated RFF for

each speaker based on the mean of up to 12 instances in run-

ning speech, which we believe may provide a more accurate

estimate of the behavior.

We originally hypothesized that individuals with early

PD would show higher RFF values relative to individuals

with more progressed PD, which was confirmed by our

results. Individuals with disease durations of less than 5 yrs

(N¼ 15) had statistically significantly higher RFF compared

to the individuals with disease durations of 5 yrs or more

(N¼ 17). However, this significant result has an associated

effect size that is in the low range (gp
2¼ 0.01).

B. Effects of medication in speakers with PD

Contrary to our initial hypothesis, in our sample of 32

speakers with PD, we did not find a significant effect of med-

ication on RFF values. The previous work in this area by

Goberman and Blomgren (2008) did see a clear trend for

higher offset and onset RFF during ON medication. We

did not see such a trend. Potential differences for this

FIG. 4. Mean values of RFF as a function of disease progression and cycle

(offset 1 to 10 and onset 1 to 10). Participants with PD were separated into

two groups: Those with disease durations of less than 5 yrs (N¼ 15) and

those with disease durations of 5 yrs or more (N¼ 17). Error bars indicate

the 95% confidence intervals for the means.

FIG. 5. Upper panel: Change in offset cycle 10 and onset cycle 1 RFF val-

ues (ON medication—OFF medication) of speakers with PD (N¼ 32) as a

function of their change in UPDRS-III (motor section) scores (ON medica-

tion—OFF medication). Lower panel: Change in offset cycle 10 and onset

cycle 1 RFF values (ON medication—OFF medication) of speakers with PD

(N¼ 32) as a function of speaker report of speech symptoms using the

UPDRS item 2.1. Scores of 0 indicate no speech symptoms and scores of 3

indicate moderate speech symptoms.
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discrepancy include (1) differences in characteristics of the

study populations, (2) a general lack of medication effect in

our participants, or (3) differences in study methodology.

The participants in this study were similar to those stud-

ied by Goberman and Blomgren (2008). The majority of par-

ticipants in both studies were male speakers (23/32¼ 72%

versus 6/9¼ 69%) and comprised a similar age group [mean

68 yrs here and mean 69 yrs in Goberman and Blomgren

(2008)]. However, here we studied a large population of

individuals with PD, irrespective of whether the individuals

had voice and speech issues associated with their PD with an

average time since diagnosis of 6.3 yrs. In contrast, Gober-

man and Blomgren (2008) specifically studied individuals

who had been diagnosed with hypokinetic dysarthria with an

average time since diagnosis of 11.4 yrs. Another potential

factor is the general medical response of participants. Our

participants showed an average reduction in UPDRS of 5 (0

to 18 range) during ON medication compared with OFF

medication. The participants in Goberman and Blomgren

(2008) were all known to have motor fluctuations in

response to medication, and of the nine individuals with PD

studied eight showed an improvement in their UPDRS-III

scores while ON medication relative to OFF. If differences

in speech involvement and response to medication were pri-

mary causes for a lack of medication effect on RFF in our

sample, we would expect a strong correlation between

changes in RFF with medication and both general changes in

motor function with medication (change in UPDRS-III

scores) and speech involvement (UPDRS item 2.1 scores).

However, relationships were not strong, as shown in Fig. 5.

It may be more likely that differences in sample size and

individual estimation methodology (using one VcV instance

versus an average of 12) are responsible for the differences

in results.

Equivocal findings regarding the effect of medication on

voice and speech in PD are not an entirely unexpected result.

Although dopamine agonists have been noted to improve

tremor, bradykinesia, rigidity, and postural abnormalities in

patients (Rascol et al., 2002), it is still unclear to what extent

medication improves PD voice and speech. Medication has

been reported to improve subjective rating and intelligibility

scores of PD speech (Nakano et al., 1973; Solomon and

Hixon, 1993; De Letter et al., 2005) but there is not yet

evidence that medication leads to consistent changes in F0.

Two previous studies on the effects of medication on mean

F0 have found no difference between ON and OFF medica-

tion (Jiang et al., 1999; Goberman et al., 2002). Sanabria

et al. (2001) found that F0 in sustained vowels was higher

when patients were ON medication relative to OFF, an unan-

ticipated finding given that speakers with PD have been

shown to have significantly higher mean F0 relative to control

speakers (Goberman et al., 2002). In addition, no significant

effect of medication has yet been found for the variability

(SD) of F0 (Goberman et al., 2005; Skodda et al., 2011).

C. Sex effects

Contrary to our initial hypothesis, we did find a signifi-

cant effect of sex on RFF. RFF was significantly higher in

females compared with males but with a low (gp
2¼ 0.01)

effect size. More interestingly, a significant interaction

between cycle and sex was found with a moderate effect size

(gp
2¼ 0.08). Examining Fig. 3 it is clear that males and

females differed most substantially on offset RFF rather than

onset RFF. No interaction was found between group and

sex; thus, this sex difference is not dominated by either the

control group or the speakers with PD but occurs in both

groups.

Although the previous work examining RFF in healthy

elderly speakers and individuals with PD included both male

and female participants (i.e., Watson, 1998; Goberman and

Blomgren, 2008), neither differentially studied the effects of

sex on RFF. However, a supplementary analysis performed

in a larger study by Robb and Smith (2002) found a trend for

higher offset RFF in N¼ 5 21-yr old women (mean offset

cycle 10 value of 1.2 ST) compared with N¼ 5 21-yr old

men (mean offset cycle 10 value of 0.5 ST). Their discussion

of this trend suggested a potential relationship to sex-

mediated differences in voice onset time, which have been

postulated to be driven by both physiological and also socio-

phonetic factors such as female use of over-articulated speech

(Swartz, 1992; Ryalls et al., 1997). Future work to test the

role of speaking style and rate on RFF in a population of

male and female speakers using variants of both clear and

conversational speech could further elucidate these factors.

Potential physiological explanations for differences in

RFF in men and women stem from any of the proposed

mechanisms for RFF: Vocal fold tension, vocal fold kine-

matics, and glottal airflow. To our knowledge no study has

yet studied vocal fold tension or kinematics during voiceless

consonant production in males versus females. However, an-

atomical differences in laryngeal geometry in males and

females have been shown to be responsible for differences in

mean F0 as well as glottal characteristics during voicing,

with females showing a higher mean F0 and a greater steady

state glottal airflow (Titze, 1989). If the vocal folds are

placed in a partially abducted state during phonation (i.e., a

glottal chink), this could potentially reduce the possible

effects of early abduction on offset RFF and may explain the

difference we found as a function of sex. Future simultane-

ous study of both vocal fold kinematics and RFF may eluci-

date this subject.

V. CONCLUSIONS

We have estimated the RFF in a large sample of older

speakers including individuals with PD both ON and OFF

medication. We found statistically significantly lower RFF

in individuals with PD while ON medication compared with

healthy age-matched controls. We found that RFF was statis-

tically significantly lower in individuals diagnosed 5 yrs or

more prior to experimentation relative to individuals diag-

nosed less than 5 yrs prior to experimentation but we did not

find an effect of medication on RFF. Unexpectedly, we

found a substantial effect of sex on offset RFF, with lower

values in males relative to females. Future work examining

the physiological bases of RFF is necessary to fully interpret

this finding.
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