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In Parkinson’s disease (PD), qualitative speech changes such as decreased variation
in pitch and loudness are common, but quantitative vocal changes are not well docu-
mented. The variability of fundamental frequency (F0) in 32 individuals (23 male) with
PD both ON and OFF levodopa medication was compared with 32 age-matched healthy
controls (23 male). Participants read a single paragraph and estimates of fundamental
frequency (F0) variability were determined for the entire reading passage as well as for
the first and last sentences of the passage separately. FO variability was significantly
increased in controls relative to both PD groups and PD patients showed significantly
higher FO variability while ON medication relative to OFF. No significant effect of group
was seen in the change in FO variability from the beginning to the end of the reading
passage. Female speakers were found to have higher FO variability than males. FO
variability was both significantly reduced in PD relative to controls and significantly
increased in patients with PD during use of dopaminergic medications. FO variability
changes over the course of reading a paragraph may not be indicative of PD but rather
dependent on non-disease factors such as the linguistic characteristics of the text.
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INTRODUCTION

Parkinson’s disease is a neurological disorder
characterized by the progressive loss of dopami-
nergic neurons in specific brain areas and occurs
most prevalently in older adults (Lang & Lozano,
1998). Characteristic symptoms include tremor,
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rigidity, dyskinesias, and postural gait changes
(Lang & Lozano, 1998). Vocal symptoms are also
common, with speech deficits occurring in 60 to
80% of patients (Canter, 1963; Darley, Aronson, &
Brown, 1969; Mutch, Strudwick, Roy, & Downie,
1986). The parkinsonian voice has been described
qualitatively as breathy, rough, hoarse, tremulous,
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abnormally pitched, having reduced pitch range,
and unusually quiet (Holmes, Oates, Phyland, &
Hughes, 2000).

Fundamental frequency (F0), a result of the rate
of vibration of vocal folds, is perceptually related
to vocal pitch. Some studies have found higher
mean FO values in individuals with parkinsonian
voice (Goberman & Blomgren, 2008), particularly
in males (Canter, 1963; Holmes et al., 2000; Met-
ter & Hanson, 1986; Skodda, Gronheit, & Schlegel,
2011). However, average speaking fundamental
frequencies show considerable interspeaker and
intraspeaker differences due to intentional prosod-
ic changes (Atkinson, 1976). A reduction in these
intentional prosodic pitch changes can be mea-
sured by examining FO variability, which has been
shown to contribute to overall speech intelligibility
in both healthy and dysarthric speakers (Bunton,
Kent, Kent, & Duffy, 2001; Laures & Weismer,
1999).

Acoustic characterization of FO variability has
been realized in a variety of ways, including the
range (difference between the passage maximum
and minimum) of FO excursions, FO standard devi-
ation (FOSD), and the semitone standard deviation
(STSD), which is normalized for mean speaker FO.
Although FO range has been studied in PD previ-
ously, measures of range are highly corruptible by
single time-points and thus are less appropriate
estimations of overall prosodic variation. In this
study we focus on FOSD and STSD. STSD has been
used previously (Ramig, Countryman, Thompson,
& Horii, 1995) as an intervention outcome measure
in PD; it provides an estimate of passage prosodic
variation that is less likely to be confounded by the
effects of mean FO (and thus speaker sex) and is
also robust to single instances of FO deviations.
Although FOSD is somewhat robust against cor-
ruption from a minority of datapoints, it may be
affected by mean FO0. It has, however, been studied
in individuals with PD by several groups (Gam-
boa et al., 1997; Goberman, Coelho, & Robb, 2005;
Holmes et al., 2000; Jimenez-Jimenez et al., 1997;
Skodda et al., 2011). Here we include FOSD in or-
der to make comparisons to previous literature.

FO variability has thus far been investigated in
PD with conflicting results. In read text ranging
from a single sentence to a paragraph, some work
has shown a decrease in FOSD with PD (Gamboa et
al., 1997; Goberman et al., 2005; Jimenez-Jimenez
et al., 1997; Skodda et al., 2011), whereas others
found no effect of PD on FOSD in males but a de-
crease with PD in females (Holmes et al., 2000). A

recent study by Skodda and colleagues found de-
creases in FOSD in a large group of PD patients
independent from clinical manifestations of dysar-
thria while ON medication relative to age-matched
controls (Skodda et al., 2011). FOSD was measured
during a reading task of four complex sentences
(Skodda et al., 2011). Skodda et al. (2011) also ex-
amined the difference in FOSD between the first
and fourth sentences of their reading passage
(AFOSD). Although both male and female partici-
pants with PD (ON medication) showed a negative
average AFOSD (a decrease in FO variability at the
end of the reading passage relative to the begin-
ning), both male and female control participants
showed a positive average AFOSD (Skodda et al.,
2011). In male participants with PD, neither FOSD
nor AFOSD were significantly correlated with dis-
ease duration or the motor section of the Unified
Parkinson’s Disease Rating Scale (UPDRS III). In
female participants with PD, neither FOSD nor
AF0SD were correlated with disease duration, but
FOSD and UPDRS III scores were modestly corre-
lated (R = -0.32, p = 0.01), with decreases in FOSD
associated with higher UPDRS scores (increased
severity of PD symptoms; Skodda et al., 2011). In-
creased stiffness and rigidity of the larynx and vo-
cal folds (Goberman & Coelho, 2002), reduced mus-
cle activity in the larynx (Baker, Ramig, Luschei,
& Smith, 1998), reduced stability in the larynx
(Goberman & Coelho, 2002), and a lack of tension
in the larynx needed to create sounds (Goberman &
Blomgren, 2008) have been hypothesized to cause
these FO variability changes in PD. Although ri-
gidity has commonly been hypothesized to underlie
voicing changes in PD, more recent evidence sug-
gests that additional factors such as sensorimotor
deficits and internal cueing issues may contribute
(Ramig, Fox, & Sapir, 2011).

The effects of dopamine agonists on FO variabil-
ity are still unclear. Goberman examined FOSD in
a group of 9 individuals with PD both ON and OFF
medication, finding a trend for increased FOSD
while ON medication, but no statistically signifi-
cant effect (Goberman et al., 2005). Skodda et al.
examined both FOSD and AFOSD as a function of
medication status in a subgroup of 20 participants
with PD. Their work also found that medication
state did not significantly affect FOSD or AFOSD.
However, they noted a trend in which male pa-
tients (N = 7) showed somewhat increased AFOSD
ON medication (-0.39 Hz) relative to more nega-
tive OFF medication AFOSD (-2.17 Hz) (Skodda
et al., 2011). Skodda et al. hypothesized that this
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decrease in variability over the reading passage
in the OFF medication state is a result of general
“motor instability.” They suggested that dopami-
nergic stimulation may stabilize otherwise declin-
ing FOSD and called for study with a larger sample
of participants.

Current understanding of FO changes and vari-
ability remains incomplete. Most vocal symptoms
are qualitative and what defines parkinsonian
speech is often subjective and unclear. In addi-
tion, early biomarkers are neither well developed
nor understood. A case study by Harel et al. found
visible changes in FO 5 years before PD diagnosis
(Harel, Cannizzaro, Cohen, Reilly, & Snyder, 2004)
suggesting that if quantified and developed, FO
changes could detect PD much earlier and more ac-
curately. FO changes may also assist in developing
quantitative measures of disease progression as
few exist. Many studies have conflicting results or
small participant populations, indicating the need
for further research.

The purpose of the current study is to examine
FO variation in PD patients independent from the
clinical manifestation of dysarthria while both ON
and OFF medication. We compare the voices of par-
ticipants with PD to those of healthy age-matched
controls. We hypothesize that individuals with PD
have reduced FO variation compared to controls
and that individuals with PD will have increased
FO variability while ON medications relative to
their OFF medication states.

METHODS

Participants

Thirty-two participants with PD (9 females and 23
males) and 32 controls (9 females and 23 males)
completed the study with informed consent. No
participants reported any other neurological,
speech, or language disorders, with the exception
of some (~10%) who reported some minor age-re-
lated hearing loss. The mean age of female control
participants was 67 years (STD 7.4; range 5-81)
and the mean age of male control participants was
66 years (STD 6.7, range 56-79).

Participants with PD had been previously di-
agnosed with idiopathic Parkinson’s disease and
were currently under the care of a movement dis-
orders specialist. The mean age of female partici-
pants with PD was 66 years (STD = 10.1, range =
49-79) and they had a mean disease duration of

8.6 years (SD = 7.3, range = 1-20). The mean age of
male participants with PD was 69 years (STD 8.8;
range 51-89) and they had a mean disease dura-
tion of 5.3 years (SD = 3.7, range = 0.5-16). Partici-
pants with PD presented with a range of disease
severities. The majority considered speech symp-
toms to be nonexistent (UPDRS subsection 2.1 =
0: n = 14, 44%) or slight (UPDRS subsection 2.1 =
1: n = 8, 25%), whereas the rest reported mild (UP-
DRS subsection 2.1 = 3: n = 4, 13%) or moderate
(UPDRS subsection 2.1 = 4: n = 6, 19%) speech im-
pairment. No participant with PD reported severe
speech impairment (score of 4). Participant report
of PD-related speech impairment was relatively
similar in males and females. The mean UPDRS
subsection 2.1 score was 0.78 for women and 1.17
for men, both of which are near the “slight” impair-
ment stage.

Procedures

All participants with PD were typically on levodo-
pa and/or carbidopa medication and underwent a
medication challenge as part of this study; thus
each participant with PD was tested first OFF and
then ON medication. Individuals with PD were
instructed to forgo morning medication so that
they last took medication the night before, at least
8 hours prior to testing. After completion of OFF
testing, each participant took his or her medica-
tion. ON testing occurred after the participant felt
the medication take effect (usually within 45 min-
utes), consistent with the known pharmacokinetics
of levodopa and carbidopa (Robertson et al., 1989).
Control participants did not undergo a medication
challenge, so vocal data were collected only at a
single time point.

During testing, all participants read the first
paragraph of “The Rainbow Passage” (Fairbanks,
1960) in order to produce continuous speech sam-
ples. This read text was used rather than sponta-
neous speech in order to control for content, which
could induce substantial inter- and intrasubject
variability (Fitch, 1990). Speech samples were re-
corded in quiet using a portable digital audio re-
corder (Olympus Linear PCM recorder, LS-10)
at 44.1 kHz, 16 bit, with a headset microphone
(Shure WH20) placed at a 45 degree angle and 10
cm from the lips. As sound pressure level was not
a primary variable of interest, the microphone was
not calibrated using a sound pressure level meter.
However, each participant with PD was recorded
with identical microphone distance and recorder
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amplification settings during both ON and OFF
medication recordings. All acoustic recordings
obtained were of high quality with good signal-to-
noise ratios. Participants were directed to speak
in comfortable, normal, conversational voices. All
participants were able to read the provided text
without difficulty.

During both the ON and OFF medication states,
a licensed physical therapist and clinical research-
er (author S.P.) administered and scored the UP-
DRS (Unified Parkinson’s Disease Ratings Scale;
Sections I, II, and III) for participants with PD.

Data Analysis

Speech samples were analyzed using Praat soft-
ware (Boersma, 2011). Analysis was performed
by a total of three trained researchers (see Ac-
knowledgments) who were blinded to the study
goals. One individual completed analysis for all
96 samples (32 individuals with PD while ON and
OFF, 32 control participants). Two additional indi-
viduals each completed analysis for roughly 50%
of the data such that each sample was analyzed by
two independent researchers. For further analy-
sis, data were averaged over the two independent
researchers to result in a single estimate of FOSD
and AF0SD for each speaker.

FOSD was measured using corresponding func-
tions in Praat (Boersma, 2011) over the entire first
paragraph of “The Rainbow Passage.” Using the
average FOSD value and the mean FO over the rel-
evant passage, the corresponding STSD value was
calculated as in equation (1).

STSD = 39.86 log,, mean FO = FOSD (1)
mean F0

AFOSD was calculated as the difference between
the FOSD for the last sentence of the first para-
graph (“When a man looks for something beyond
his reach, his friends say he is looking for the pot of
gold at the end of the rainbow”) and the first sen-
tence of the paragraph (“The rainbow is a division
of white light into many beautiful colors”). The cor-
responding ASTSD was calculated by converting
the FOSD for each sentence using equation 1 and
then subtracting the value from the first sentence
from the value from the last sentence.

The Praat settings were adjusted manually
for each voice and starting values were based on
whether the sample recording was of a male or a
female. The initial fundamental frequency range
setting for females was set at 80 to 500 Hz whereas

for males it was set at 60 to 400 Hz. The accuracy
of Praat’s fundamental frequency estimates was
ascertained by visually inspecting each pitch con-
tour, simultaneously listening to the relevant seg-
ment of the sound file. Any inconsistencies due to
glottalization or incorrect detection of voicing were
removed from the sample manually.

Reliability Measures

Inter-rater reliability between the two independent
judges of each sample was calculated using Pear-
son’s correlation coefficient, yielding inter-rater
reliabilities of 0.97 and 0.96 for FOSD and AFOSD
between raters 1 and 2, respectively, and 0.98 and
0.82 between raters 1 and 3, respectively. Rater 1
(the single investigator who analyzed all samples)
re-analyzed roughly 10% of samples independently
3 months after the original analysis yielding intra-
rater reliability of 0.99 for both FOSD and AF0SD.
Given the correspondence of STSD and ASTSD to
FOSD and AFOSD, separate reliability measures
were not computed.

Statistical Analysis

All statistical analyses were completed using Mini-
tab Statistical Software (Minitab Inc., State Col-
lege, PA). Two-way analysis of variance (ANO-
VA) was performed on FOSD, AFOSD, STSD and
ASTSD as a function of sex (male or female), group
(PDofR, PDoN, and CTRL), and the interaction
of sex x group. Post hoc Tukey simultaneous tests
and paired Student’s ¢-tests were used when ap-
propriate. An alpha level of 0.05 was adopted for
significance testing. Pearson product moment cor-
relations were used to assess relationships among
measures.

RESULTS

The mean female UPDRS total score was 52.1 (SD
= 35.8, range = 9-97) and the mean male UPDRS
score was 40.9 (SD = 19.8, range = 9-91). Disease
duration and OFF medication UPDRS scores were
statistically significantly correlated (p = 0.003)
with R = 0.50. Figure 1 shows FOSD, STSD, AFOSD,
and ASTSD as a function of sex and group.

The results of the ANOVA on FOSD are shown in
Table 1. Statistically significant effects of sex (male
or female) and group (PDgpy, PDgy, and CTRL)
were found, but no significant interaction of sex x
group. Post hoc Tukey simultaneous tests indicated
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Figure 1. Effects of group (Control, PD OFF medication, PD ON medi-
cation) and sex (F: female, M: male) on the standard deviation of the
fundamental frequency (FOSD; left upper panel), the semitone standard
deviation (STSD; right upper panel), the difference in FOSD between the
last and first sentences of the reading passage (AF0SD; left lower panel),
and the difference in STSD between the last and first sentences of the
reading passage (ASTSD; right lower panel). Error bars indicate 95% con-
fidence intervals around the mean. Horizontal brackets indicate statisti-
cally significant (p < 0.05) differences between groups. All four measures
showed a statistically significant effect of sex.

TABLE 1. Results of ANOVA on Passage FOSD

Factor DF F 7> p
Sex 1 78.8 0.47 < 0.001
Group (Pporr, Ppon, CTRL) 2 15.1 0.26 < 0.001
Sex x Group 2 0.36 0.01 0.700

that females had statistically significantly higher
FOSD than males (T = -8.9, p,4; < 0.001) and that
control speakers had significantly higher FOSD
than individuals with PD, both ON (T = -4.1, p,4;<
0.001) and OFF (T = -5.2, p,4; < 0.001) medication.
A post hoc paired two-sided Student’s ¢-test found
that individuals with PD had statistically signifi-
cantly increased FOSD while ON medication rela-
tive to OFF medication (T = -3.1, p = 0.004).

The results of the ANOVA on STSD are shown in
Table 2 and largely mirror those found for FOSD.
ANOVA showed statistically significant effects of
sex (male or female) and group (PDopp, PDoy,
and CTRL), but no significant interaction of sex
x group. Post hoc Tukey simultaneous tests indi-

cated that females had statistically significantly
higher FOSD than males (T = -3.0, p,4; = 0.003)
and that control speakers had significantly higher
FOSD than individuals with PD, both ON (T = -4.5,
Dagj < 0.001) and OFF (T = -5.4, p,,4; < 0.001) medi-
cation. A post hoc paired two-sided Student’s ¢-test
found that individuals with PD had statistically
significantly increased FOSD while ON medication
relative to OFF medication (T = -2.2, p = 0.03).
The results of the ANOVA on AFOSD are shown in
Table 3 and showed statistically significant effects
of sex (male or female), but not of group (PDopp,
PDgy, and CTRL). In addition the interaction of
sex x group approached our predetermined alpha
level, but was not significant (p = 0.052). A post hoc
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TABLE 2. Results of ANOVA on Passage STSD

Factor F > p
Sex 9.0 0.09 0.003
Group (PDOFF7 PDON7 CTRL) 16.7 0.35 < 0.001

Sex x Group

0.7 0.01 0.517

TABLE 3. Results of ANOVA on Passage AF0SD

Factor

DF F 7p> p

Sex
Group (PDOFF’ PDON, CTRL)

Sex x Group

31.6 0.26 <0.001
1.8 0.01 0.178
3.0 0.06 0.052

Tukey simultaneous test indicated that females
had statistically significantly lower AFOSD (great-
er decline in FOSD over the course of the passage)
than males (T = 5.6, p,q4; < 0.001).

The results of the ANOVA on ASTSD are shown
in Table 4 and again mirrored AFOSD results.
ASTSD showed statistically significant effects of
sex (male or female), but not of group (PDopp,
PD(N; and CTRL). In addition the interaction of
sex x group was not significant. A Post hoc Tukey
simultaneous test indicated that females had sta-
tistically significantly lower AFOSD than males (T
= 3.1,padj =0.003).

When patients were OFF medication, the Pear-
son’s correlations between time after diagnosis and
FOSD and AFOSD were r = 0.30 and r = 0.10, re-
spectively. Neither were statistically significant (p
< 0.05). The Pearson’s correlations between time
after diagnosis and STSD and ASTSD were r = 0.12
and r = 0.12, respectively, neither of which were
statistically significant (p < 0.05). Due to the sig-
nificant effects of sex on the acoustic measures,
correlations were also examined as a function of
sex. Again, no significant correlations (p > 0.05)
were found.

DISCUSSION

Overall FO variability as measured by both STSD
and FOSD gave rise to in the same results, as did
measures of the changes in F0O variability over the
course of the reading passage (AFOSD and ASTSD).
F0 variability was significantly increased in control
speakers relative to individuals with PD. Further-
more, ON medication individuals with PD showed

statistically significantly increased FO variability
relative to while OFF medication. FO variability as
well as the decline in FO variability over the read-
ing passage were higher in females than males.

Effects of PD and Sex on F0
Variability (FOSD and STSD)

PD disease status had a significant effect on both
FOSD and STSD, with control speakers showing
significantly higher FO variability than individu-
als with PD, both ON and OFF medication. These
findings confirm previous studies that found high-
er values of FOSD in control participants relative
to participants with PD (Jimenez-Jimenez et al.,
1997; Skodda et al., 2011).

Within the participants with PD, medication
status also proved significant. Individuals showed
statistically significantly increased FOSD and
STSD while ON medication relative to OFF medi-
cation. These findings are at odds with previous
studies that found no significant effect of medica-
tion status (Goberman et al., 2005; Skodda et al.,
2011). However, these previous medication chal-
lenge studies were more limited in statistical pow-
er, which may explain this difference.

We found that female participants had statis-
tically significantly higher FO variability than
males, even when estimated using the normalized
STSD measure. Although the mean disease dura-
tion differed slightly between our female and male
participants with PD, this difference is not likely
to be the source of the effects of sex on FOSD. The
mean disease duration was higher in our female
participants than in the males, suggesting that fe-
male patients with PD might be expected to show
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TABLE 4. Results of ANOVA on Passage ASTSD

Factor F 7p> p

Sex 9.5 0.10 0.003
Group (Pporr, Ppon, CTRL) 0.7 0.01 0.498
Sex x Group 1.7 0.04 0.192

decreased FO variability. In fact females with PD
and control female participants showed increased
FO variability relative to male participants. Skod-
da et al. also reported a significant effect of sex on
FOSD, with higher FOSD values reported for fe-
males relative to males (Skodda et al., 2011).

Skodda et al. chose to analyze male and female
data separately due to finding a significant effect of
sex on acoustic parameters. Although we too found
a significant effect of sex on both FOSD and STSD,
our statistical analysis did not uncover significant
interactions between group and sex for either mea-
sure. Although the male participants in our study
do seem to show systematically lower FO variability
than the females, the trends within groups are the
same regardless of sex: individuals with PD show
decreases in F0 variability relative to controls and
medication increases FO variability in individuals
with PD.

One explanation for lowered FO variability in
individuals with PD could be the coincidence of
depression. Depression is common in individuals
with PD (Slaughter, Slaughter, Nichols, Holmes,
& Martens, 2001), and has been further associ-
ated with decreases in FO variability (e.g., Mundt,
Snyder, Cannizzaro, Chappie, & Geralts, 2007).
However, we did not find strong evidence for de-
pression in our sample of individuals with PD. Of
the 32 participants with PD, n = 28 (88%) reported
a score of 0 to UPDRS subsection 1.3, indicating
no depressed mood. Two participants reported a
slight (UPDRS subsection 1.3 = 1) depressed mood
and two participants reported a mild depressed
mood (UPDRS subsection 1.3 = 2).

Effects of PD and Sex on F0 Variability
Decline (AF0SD and ASTSD)

Our results indicate that females had statistically
significantly lower AFOSD and ASTSD over the
course of reading the paragraph than males, cor-
responding to an increase in FO variability decline
over the reading passage. The work of Skodda et
al. did not report an effect of sex on AFOSD, but
did note a trend in which seven male PD patients

showed increased AFOSD while ON medication
relative to OFF medication (Skodda et al., 2011).
They suggested that a larger number could eluci-
date this finding (Skodda et al., 2011); however, we
did not find a significant effect of group on AFOSD
or ASTSD.

In fact, our data differed from that of Skodda et
al. in several ways. In the large group of patients
studied, Skodda reported AFOSD for individuals
with PD (ON medication) of —1.20 Hz (males) and
-3.15 Hz (females) and control speakers of 0.67 Hz
(males) and 1.26 Hz (females), suggesting a decline
of 1 to 3 Hz in variability in individuals with PD
over the passage and a small (roughly 1 Hz) over-
all increase in variability in control speakers over
the course of reading (Skodda et al., 2011). Our
data in controls and participants with PD ON and
OFF medication show AFOSD values ranging from
roughly —13 Hz to -3 Hz. Thus, unlike Skodda et
al., we see a much larger overall decline in variabil-
ity in all of our participants. Further, although we
did not find a significant effect of group on AF0SD,
the trend in our data is for control participants to
show a greater decline in variability (a mean de-
crease of 5.8 Hz in control participants versus a
mean decrease of 5.4 Hz in individuals with PD
while OFF medication). Combining the male and
female AFOSD data reported in Skodda et al., they
report statistics in individuals with PD (ON medi-
cation) and controls consistent with an effect size
of d = 1.05 for AFOSD. Power calculations show
that if our speakers showed an effect of this size,
we could detect it with power of 98% (alpha = 0.05).

Likewise, Skodda et al. (2011) reported that
males increased from AFOSD values of -2.2 Hz
to —0.4 Hz with medication and that females in-
creased from -1.9 Hz to —1.7 Hz. Combining the
male and female AFOSD data from the medication
challenge experiment in Skodda et al. (2011) re-
sults in an effect size of d = 0.20 for ON versus OFF
medication in individuals with PD, detection of
which at 80% power would require 379 individuals
with PD to undergo medication challenge. Over-
all, we cannot confirm the hypothesis set forth by
Skodda et al. that PD medications stabilize FOSD
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over the course of speech production given an effect
size of this small magnitude. We can assert that
there is no evidence in our data to support their
hypothesis.

One difference between the methodology em-
ployed here and that employed by Skodda is the
reading text used to elicit speech production. Skod-
da et al. used a series of 4 complex sentences in
German whereas we used a short paragraph with
variable sentence structure in English. Previous
work has shown that German and English speak-
ers display different fundamental frequency con-
tours, a difference which could contribute to our
findings here (Grover, 1987). Overall, the large dif-
ferences in our absolute values of AFOSD suggest
that the reading text and linguistic context may
strongly influence this measure and that further
study in this area is necessary before AF0SD can
be clinically useful.

Relationship Between Disease
Duration and F0 Variability

Correlations between disease duration and all four
acoustic measures while OFF medication were not
statistically significant. These findings confirm
those reported by previous work indicating that
measures of fundamental frequency variability
do not correlate well with disease duration (Gam-
boa et al., 1997; Holmes et al., 2000; Skodda et al.,
2011). Given that FO variability is thought to be
decreased in PD, we hypothesized that individuals
with greater disease durations would have lower
FOSD and STSD than newly diagnosed individu-
als, resulting in a negative correlation. In fact, no
trends were seen in these data and none of the four
measures seem to show promise as indicators of
disease duration.

Potential Neural Mechanisms
of FO Variability

The source of FO variability changes in PD is not yet
fully understood. Electromyographic studies have
shown both reduced (Baker et al., 1998) as well as
elevated (Gallena, Smith, Zeffiro, & Ludlow, 2001)
laryngeal muscle activity. In this study we have
found that FO variability is reduced in individu-
als with PD and that use of medication increases
FO variability in individuals with PD. Damage to
neural systems in PD may be responsible for this
change in FO modulation. However, we did not find
evidence for a relationship between disease dura-
tion and FO variability. Neurological findings in-

dicate that PD progression may be marked by the
progressive involvement of differing brain struc-
ture, beginning in brainstem structures during the
presymptomatic phase and later moving to higher
level dopaminergic systems that are associated
with the common motor symptoms (Braak, Ghe-
bremedhin, Rub, Bratzke, & Del Tredici, 2004).

Our finding of a significant medication effect on
FO0 variability suggests that damage to dopaminer-
gic systems may be the cause of impaired FOSD.
However, we did not find a relationship between
PD progression and measures of FO variability,
which may suggest that lower level systems impli-
cated in all patients studied could also contribute
to decreased FO variability. Future prospective
studies in individuals during the presymptomatic
phase of PD (prior to diagnosis) could help eluci-
date the sources of FO variability changes.

One potential interpretation of the effects of med-
ication seen here is that decreased lung rigidity and
the subsequent increases in sound pressure levels
and variations are responsible for increases in FO
variability. Previous work has shown that therapy
targeting increases in sound pressure level (loud-
ness) also causes concurrent increases in FO vari-
ability estimated using STSD (Dromey, Ramig, &
Johnson, 1995). However previous work examining
the effects of medication on sound pressure level
in PD have shown equivocal results (Goberman,
Coelho, & Robb, 2002; Jiang, Lin, Wang, & Hanson,
1999). The current data were not collected using a
microphone calibrated by a sound pressure level
meter. However, each participant with PD was re-
corded with identical microphone distance and re-
corder amplification settings during both ON and
OFF medication recordings. In order to comment
on the potential role of changes in sound pressure
loudness on the current findings, we performed a
Post hoc analysis. A paired, two-sided Student’s ¢-
test was performed on the ON and OFF data from
individuals with PD. No statistically significant
difference was noted (T = 1.4, p = 0.17), and the
mean change was 0.54 dB SPL. Although our Post
hoc analysis suggest that changes in intensity are
not related to the changes seen in FO variability,
recordings using a microphone calibrated with a
sound pressure level meter would be necessary to
confirm this. Thus, it is possible that the effects of
medication are related to changes in sound pres-
sure level in this population; however even if both
variables were assessed a concurrent change would
not necessarily imply causality. Because these two
variables are physically correlated, it is not possible
in natural contexts to disentangle them. However,
future work using real-time manipulations of pro-



EFFECTS OF PARKINSON’S DISEASE ON FUNDAMENTAL FREQUENCY VARIABILITY 243

sodic variations (Patel, Niziolek, Reilly, & Guen-
ther, 2011) in PD could answer this question.

Another related possible issue is that our ON and
OFF medication conditions are confounded by an
order effect. As with a variety of previous studies
examining medication effects on speech production
(De Letter, Santens, De Bodt, Boon, & Van Borsel,
2006; Jiang et al., 1999; Skodda et al., 2011), ON
medication testing always occurred after OFF test-
ing due to the pragmatic difficulties surrounding
multi-day recordings in this population. Although
previous work has shown that learning can demon-
strate an effect on speech variables such as maxi-
mal vowel tasks, no such effect has been shown on
F0 variability in reading (King, Ramig, Lemke, &
Horii, 1994).

CONCLUSIONS

We found significant group (Control, PDqgy, PDgopp)
and sex effects on FOSD and STSD. Control speak-
ers showed significantly higher FOSD and STSD
than individuals with PD, both ON and OFF medi-
cation. While ON medication, individuals with PD
showed statistically significantly increased FOSD
and STSD relative to while OFF medication. Fe-
males showed significantly higher FOSD and STSD
and significantly lower AFOSD and ASTSD relative
to males. No effect of group was found for AFOSD or
ASTSD. No significant correlations were found be-
tween PD disease duration and any acoustic mea-
sure. This work suggests that while FO variability
(FOSD and STSD) may have promise as a reliable
objective indicator of PD, that further study is nec-
essary before utilizing measures of the changes
in FO variability across utterances (AFOSD and
ASTSD).
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