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A transversal study of the pitch variability of parkinsonian voices in read speech is presented. 30 patients
suffering from Parkinson’s disease (PD) and 32 healthy speakers were recorded while reading a text
without voiceless phonemes. The fundamental frequency contours were calculated from the recordings,
and the following measures were used for describing them: mean, minimum, maximum, and standard
deviation of the estimated fundamental frequencies. Results based on these measures indicate that the
influence of PD on some aspects of intonation can be masked by the effects of aging, especially for male
voices. However, some parameters such as the relative fundamental frequency range exhibit lower cor-
relations with age than with PD stage, as evaluated using the Hoehn and Yahr scale. These correlations
between relative fundamental frequency range and PD stage reach moderate-to-high values in the case
of women.

Additionally, three parameters describing the form of the fundamental frequency modulation spec-
trum were investigated for correlation with age and PD stage. The study of this modulation spectrum
provides some insight into the ability of the speakers to plan the intonation of full phrases. For both male
and female populations, significant correlations were found between parameters obtained from the mod-
ulation spectrum of fundamental frequency and the PD stage. Nevertheless, the quantitative assessment
of the performance of regression models built from these modulation parameters and fundamental fre-
quency range suggests that such measures are likely to be of limited value in the early diagnosis of PD
due to inter-speaker variability.
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1. Introduction ers [6]. It includes symptoms such as monotony [5], speech rate

abnormalities [ 7], difficulties in initiating speech and finding words

Parkinson’s disease (PD) is one of the most frequent movement
disorders affecting the eldest population. Its prevalence has been
estimated to be between 1% and 2% for the population over 65,
while this figure grows to between 3% and 5% for people over 85
[1]. In absolute numbers, its prevalence in the world was between
4.1 and 4.6 million in 2005 [2]. Due to differences in life expectancy,
PD is more common in developed countries, though it is found in
all ethnic groups [1].

Between 70% and 89% of PD patients report vocal difficulties [3].
These difficulties have been classified into four different classes,
according to their nature [3,4]: respiratory, phonatory, articulatory
and prosodic. Hypophonia probably is the most widely recognized
vocal impairment associated to PD [5]; it is mainly related to respi-
ratory and phonatory functions. Disordered prosody is likely to be
the second most relevant vocal impairment of parkinsonian speak-
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[5], and abnormal speech rate [7-9].

Regarding intonation, the key difference between PD patients
and age-matched healthy speakers seems to be the narrowing of the
pitch range in PD patients, as detected in several studies [6,8,10].
Cnockaert et al. also found relevant differences in pitch modulation
rates [11]. The effect of PD on pitch range and intonation was found
to be sex-specific by MacPherson et al. [ 12]. Consistently, Ikui et al.
also detected differences between sexes in the way pitch range was
reduced [10]: lowering of the highest fundamental frequency (f5)
happened for both sexes, while elevation of the lowest f, was signif-
icant only for males. Furthermore, Skodda et al. found pitch range
reduction to be more significant in females than in males [8].

The relation between PD and speech impairment has led to
conjecturing about the potential use of speech (or voice) analy-
sis as a cue for the early diagnosis of PD. Nevertheless, Becker
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Table 1

Distribution of speakers by sex (F stands for females; M, for males), age and H&Y label. The H&Y scale was originally designed with only integer values, while a later
modification introduced intermediate stages 1.5 and 2.5 [21]. Although the neurologist used the original scale, one female patient was labelled as “between grades 2 and 3”.
This patient was assigned label 2.5 for the analysis, and grouped with grade 3 patients in this table for compactness. Control speakers have been assigned the H&Y label 0.

Hoehn &Yahr stage
Age 0 (Control) 1 2 2.5-3 4
M F M F M F M F M F

50-59 4 2
60-69 6 5 3 3 1
70-79 6 5 2 2 3 2 1 1
80-89 3 2 2 3 3 1 1

>90 1

et al. pointed out that tests measuring alterations in speech yielded
results exhibiting only a limited sensitivity to PD, and also suf-
fered from low specificity [13]. Midi et al. [14] did not find strong
relations between voice impairment and the motor component of
UPDRS (Unified Parkinson’s Disease Rating Scale) either [15]. How-
ever, speaking involves both motor and cognitive activities [4]| and,
while motor disorders may not appear at the onset of PD, cogni-
tive function assessment via speech analysis may help to identify
subjects suffering from the illness at early stages [16]. The fact
that intonation disorders in parkinsonian speakers cannot be fully
explained by motor impairments [12] implies the influence of cog-
nitive decline in such disorders, hence suggesting the prospective
usefulness of intonation analysis in the early diagnosis of PD [17].
The relation between speech prosody (including intonation) and
cognitive decline in PD patients has been investigated recently with
positive results [18]. In this context, the interest of speech analysis
as a potential tool for the early diagnosis of PD has been renewed
[19].

In this paper, we present a transversal study in which the intona-
tion corresponding to a text read by 30 PD patients and 32 healthy
speakers was analysed by estimating the corresponding fundamen-
tal frequency contours. Specifically, the following measurements of
the fundamental frequency range were obtained: mean, minimum,
maximum, and standard deviation. In addition, the spectra of the
fundamental frequency contours were described by analysing the
distribution of its energy among several intervals of modulation fre-
quencies within the 0-20 Hz range. We have aimed at contributing
to assess the value of intonation analysis as a diagnostic tool for
PD. This requires transversal studies which incorporate the inter-
speaker variability that actually happens in the clinic. The stage of
PD corresponding to each patient was evaluated by means of the
Hoehn and Yahr (H&Y) scale [20]. We have carried out an analy-
sis of correlations between intonation descriptors and H&Y stage
previously to studying the discriminative capacities of these vocal
features in classifying voices as belonging to either PD patients or
healthy individuals.

2. Materials

30 outpatients of the Neurology Service at the Hospital de
Sagunto were recorded between April and November 2015. The
recording protocol was approved by the ethics committee of the
Hospital and all participating patients signed informed consent
before being recorded. They were recorded in a quiet room within
the hospital, after seeing the neurologist. Background noises com-
ing from contiguous rooms could not be avoided, but it was checked
that they did not affected the results of the voice processing
algorithms applied to the recorded signals. Before recording, the
neurologist collected a data sheet for each patient, including infor-
mation on sex, age, years since PD was diagnosed for the first time,
and illness evolution stage according to the H&Y scale.

The group of patients included 11 women and 19 men, with
assigned H&Y labels ranging from 1 to 4. The average age of men
was 74.1 years (standard deviation, o = 10.2), while for women the
average was 72.2 years (o0 =7.9). More detailed information on the
distribution of patients by sex, age and H&Y stage is summarised
in Table 1. Among the 30 patients, 4 suffered from tremoric PD (i.e.
tremor was the dominant clinical symptom) and 1 suffered from
akinetic PD. As for the time since PD was firstly diagnosed, at the
time of recording it was 8.6 years on average for men (o =5.1), and
9.6 years on average for women (o =5.1).

A control group formed by 32 volunteers (12 women, 20 men)
with no previously diagnosed neurological disorders were later
recorded in similar conditions as the patients, and using the same
equipment. Information about non-neurological disorders (e.g.
laryngeal) potentially affecting prosody was not collected. Volun-
teers were given the same information as the patients, and they
all signed informed consents too. The average age of men was
70.0 years (o0 =11.0), while for women the average was 71.5 years
(6=9.0). Table 1 also includes more details on the distribution of
the control group by sex and age.

The equipment used for recording consisted of a microphone,
a mixer, and a personal computer (PC). A lavalier microphone
was chosen in order to maintain the distance between mouth and
microphone as fixed as possible, while avoiding the additional
stress that head-mounted microphones might have caused to some
patients. Namely, a Fonestar FCM-410 was selected due to its band-
width: 30 Hz to 18000 Hz. A Fonestar SM-303SC mixer was used
for amplifying the microphone signal and directing it to the USB
port of the PC. The open-source software Audacity was run in the
PC to manage analogue-to-digital conversion. This was performed
at 44100 samples per second and 16 bits per sample.

All participants were requested to read a sentence in Spanish
containing only voiced phonemes, and including the five Spanish
vowels: /’aywa de ‘Au fija "Be fo i ’la fo en el ’la yo/ They
were asked to perform reading at comfortable pace and intensity.
The time taken for the reading task ranged from 2.35 s to 7.08 s,
except for one patient (male, aged 84) that had some reading diffi-
culties and needed 25.8 s, during which he performed several word
repetitions. Table 2 provides more details on the distribution of
reading task durations and phonation times.

3. Methods
3.1. Voice analysis

The recorded voice signals were band-pass filtered to discard
all spectral energy outside the microphone bandwidth (30 Hz to
18000 Hz). This filtering was performed using the discrete Fourier
transform (DFT) with previous zero padding [22,chap.7]. The fun-
damental frequency contour of each filtered signal was estimated
using the YIN algorithm [23], using an integration window length
of 16.7 ms. The YIN algorithm is based on the computation of the
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Table 2

distribution of reading task durations and phonation times. Reading task duration
is measured as the time difference between the beginning of the first word of the
phrase and the ending of the last word. Phonation time is measured as the portion
of the reading task during which the reader is voicing. Phonation time is given both
in absolute units (seconds), and relative to the duration of the reading task.

Reading task Phonation Phonation

duration (s) time (s) time (%)
Group 0 o " o " o
Patients 4.65 4.20 2.83 1.19 69.7 154
Males 5.30 5.15 3.00 1.45 66.4 16.4
Females 3.51 1.06 2.55 0.36 75.5 12.2
Control 3.52 0.91 2.76 0.44 80.3 9.7
Males 3.77 1.05 2.84 0.51 77.5 10.3
Females 3.10 0.36 2.62 0.22 85.0 6.5

autocorrelation function. It provided a sequence of fundamental
frequency estimates f, [n] at a sampling rate equal to the sam-
pling rate of the signal divided by 32 (approx. 1378 Hz). A null
value was assigned to the fundamental frequency for unvoiced
samples, which corresponded to silent pauses. Afterwards, all esti-
mates were manually revised and corrected by visually comparing
them to the first harmonic of the spectrogram.

The range of the fundamental frequency values corresponding
to each signal was described by the following parameters, extracted
from the f, [n] sequence:

* Mean (g, ):

1
Wo =52 Jfolnl (1
n
where N is the number of non-null samples of f; [n]:

1 if fo[n] #0
N = ; = 2
zﬂ:v[n] v[n] {O it hinl=0 )

e Minimum (fomijn ):

Somin = Minyp)—1 {fo [ﬂ]} (3)
e Maximum (fomax):
fomax = maXy[n)=1 {fo [n]} (4)

¢ Standard deviation (o, ):

2
of, = \/va[n] (f(;v[n] - te) (5)

In addition to the previous parameters, all extracted from the
time-domain f, [n] sequence, the modulation spectrum of the fun-
damental frequency contour corresponding to each speaker was
estimated from the DFT of its autocorrelation function pf, [m]. This
was defined as:

S vinlvin+mifo [nlfo [n+m]
Noj?O

o, [m] = (6)

where fo [n] =fo [n] — py,. The estimated power spectral density
(PSD) for each fundamental frequency contour was:

M
_j 2akm
P (i)=Y oy, [mle 7 (7)
m=—M
where f, = 21\/‘% -fs, with —M < k < M fs is the sampling frequency

of the fundamental frequency contour (fs ~ 1378 Hz); and M is the
maximum value of the time lag m in the estimated autocorrelation

function. The value of M was set to M = 2f;, so the PSD was estimated
with a resolution of approximately 0.25 Hz. The average PSD within
afrequency interval (f;, fy ], referred to as Py, (fa, fi,), was estimated
as the average value of | Py, (fk)‘ for fu<fi <f,. From the average
PSD estimated for different bands, the following parameters were
calculated:

¢ The low-frequency energy ratio (LFER):

LFiR — P (0,6) - (6-0)
Py, (0,20) - (20— 0)

(8)

e The mid-frequency energy ratio (MFER):
P, (6,12) - (12-6)

MFER = 2
Py, (0,20) - (20— 0)

9)

e The high-frequency energy ratio (HFER):

HFER:fE(Q,ZO)-(ZO—lZ) (10)
Pr, (0,20) - (20 -0)

3.2. Statistical methods

3.2.1. Correlation

The correlation between the afore-defined parameters describ-
ing the fundamental frequency contours, and the PD stage of
speakers, as assessed by the H&Y scale, has been evaluated using
the Spearman coefficient ps [24] with correction for tied observa-
tions [25,p. 429]. This non-parametric measure of correlation was
preferred to the Pearson coefficient due to the limited number of
samples. Correlations between the same parameters and the age
of the speakers have also been evaluated for comparison purposes.
The p-value indicating the probability of two independent random
samples having a Spearman correlation coefficient ps higher than a
given value has been estimated by assuming a standardised normal
distribution of the following statistic [25,p. 428]:

N-1 (11)

where N is the number of voice samples (A = 62 in this case).

Z = ps

3.2.2. Regression

Additionally, the capability of intonation descriptors to model
progression of the PD has been assessed by linear regression. Specif-
ically, some of the parameters defined before have been used as
independent variables to build linear regression models for H&Y
labels. In order to make the distributions of such parameters closer
to Gaussian, their natural logarithms were calculated as a prepro-
cessing step before regression. For instance, the regression model
built with LFER and MFER would be:

HY =1y +r1 - logLFER + 15 - log MFER (12)

where HY is the H&Y label estimated by the model, and rg, r; and
r, are the regression coefficients. The regression coefficients were
estimated using the normal equations [26,chap.10] for mean square
error minimisation. The quality of each linear model was evaluated
by means of the coefficient of determination R2, calculated as:

Var [H‘y - HY]

2 _1_
k=1 Var[HY]

(13)
where Var| - ] means variance, and HY are the actual H&Y labels.

3.2.3. Test of means

The performance of the regression model was evaluated by
means of the coefficient of determination R? mentioned before,
and also analysing the distribution of HY values assigned to the
speakers in each of the groups defined by their actual H&Y labels,
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Spearman correlation coefficients between the signal parameters defined in section 3.1, speaker age and assigned H&Y labels. Correlations have been evaluated for men and
women separately, and also jointly. Estimated p-values are indicated between brackets. Significant correlations at the 99% significance level (p <0.01) are highlighted in bold.

Age Age Age H&Y H&Y H&Y
(men) (women) (all) (men) (women) (all)

sy 0.62 (<0.01) 0.00 (0.49) 0.31(0.01) 0.33(0.02) 0.10(0.31) 0.20 (0.05)

Somin 0.44 (<0.01) —-0.15(0.25) 0.21(0.05) 0.46 (<0.01) 0.47 (0.01) 0.40 (<0.01)
Somax 0.53 (<0.01) —0.22(0.18) 0.21 (0.05) 0.17 (0.13) —0.43 (0.02) —0.04 (0.38)
of, 0.33(0.02) —0.10(0.32) 0.12 (0.19) —0.24(0.08) -0.64 (<0.01) -0.31(<0.01)
;% —0.07 (0.35) —0.15(0.23) —0.10(0.23) -0.52 (<0.01) -0.76 (<0.01) -0.58 (<0.01)
LFER —0.06 (0.35) —0.03 (0.47) —0.02 (0.45) -0.42 (<0.01) -0.50 (<0.01) -0.43 (<0.01)
MFER 0.03 (0.43) —-0.03 (0.47) —-0.01(0.48) 0.39 (<0.01) 0.46 (0.01) 0.42 (<0.01)
HFER 0.23(0.08) 0.06 (0.40) 0.13(0.16) 0.50 (<0.01) 0.12(0.31) 0.34 (<0.01)

i.e. five groups defined by labels 0 (healthy speakers), 1, 2, 3 and 4.
The hypotheses of the HY distributions of two of such groups having
different means was evaluated using the non-parametric Wilcoxon
test [27,chap. 2].

4. Results
4.1. Correlation analysis

Table 3 shows the values of the Spearman coefficients ps
obtained when evaluating correlations between all the parameters
defined in section 3.1 and the H&Y label assigned to each speaker,
and also between the same parameters and the age of the speakers.
These results indicate that there is a significant positive relation of
the mean fundamental frequency of the male speakers with their
age, which corresponds to equally significant increases of the min-
imum and maximum f, with age. Thus, an overall positive shift in
the fundamental frequency range as a function of age is detected for
the recorded male population. However, in what refers to PD pro-
gression correlations are less relevant. In the case of males, only a
significant increase of f,,;, with H&Y label is detected. This cor-
responds to an almost significant increase of f,,;, with H&Y label
for females too, which results in a significant correlation for the
overall population. For men, the significant effect of PD on the
increase of fo;, 1S associated to an almost significant increase in
the mean fundamental frequency uy, . For women, the almost sig-
nificant increase in fyyi, iS coincident with an almost significant
reduction in fomax, Which results in a significant reduction of the
pitch range, as measured by o, .

Regarding the fundamental frequency range, two observations
can be made about the results in Table 3. The first one is that sig-
nificant correlations between oy, and PD progression have been
found, while this is not the case for age. Therefore, oy, is a more
specific marker of PD than f,,;,. The second observation is that the
magnitude and significance of correlations between fundamental
frequency range and H&Y labels can be increased by making the
measurement of range relative to the mean fundamental frequency,
thatis, measuring the range as ZL‘; Significant correlations between

this parameter and H&Y labels have been found for both men and
women, and for the overall population. For these three groups, the
absolute value of the correlation coefficients are above 0.5.

The normalised standard deviation offo, o , provides a descrip-

tion of the range of variation of f,, that is, the amplitude of the
fundamental frequency contour. Yet, it does not contain informa-
tion on the rate of variation of the fundamental frequency. i.e. its
modulation rate or modulation frequency. This can be obtained
from the Fourier transform of the normalised autocorrelation func-
tion (6), whichis an estimate of the PSD of f, [n], as explained before.
In order to analyse the PSD, three modulation frequency intervals
were defined as explained next.

The sentence read by the speakers, mentioned in section 2, con-
sists of 14 syllables. Reading it took 2.35 seconds to the fastest

reader; therefore, modulation frequencies above % ~5.96 Hz
approximately correspond to f, modulations at intra-syllabic level
for all the speakers. Correspondingly, fo modulations at supra-
syllabic level are expected to happen at rates below 5.96 Hz for
the faster speakers, and at even lower rates for the rest. In addition,
it is known that frequency modulations at rates above approxi-
mately 12 Hz cannot be tracked as f, variations by the ear; instead
they are perceived as roughness [28]. Last, some of the most usual
auditory models include filters performing time integration with
integration times in the range of tens of milliseconds [29]. This cor-
responds to bandwidths in the range of a few tens of hertzs, beyond
which there is little sense in speaking about modulations. Consider-
ing these references, three modulation frequency bands have been
defined:

¢ A low-frequency band corresponding to modulations at supra-
syllabic level: O to 6 Hz.

¢ A mid-frequency band corresponding to modulations at intra-
syllabic level: 6 to 12 Hz.

¢ A high-frequency band corresponding to modulations perceived
as roughness: 12 to 20 Hz.

These three bands were considered for calculating the LFER,
MEFER and HFER parameters defined in equations (8) to (10). The
results of evaluating the correlations between these three parame-
ters and both age and H&Y label are presented in the three bottom
rows of Table 3. No significant correlations have been detected with
age. By contrast, the LFER parameter is significantly reduced for
PD patients, as indicated by the moderate and significant nega-
tive correlations between LFER and H&Y label. This reduction of
modulation energy at low frequencies corresponds to increases at
both mid frequencies and high frequencies. Such fact indicates that
the fundamental frequency changes faster for speakers suffering
from PD at more advanced stages. For the male population, the
increase in modulation energies is more relevant for high frequen-
cies, i.e. voices tend to be rougher; for females, such increase is
more relevant for mid frequencies, which means more variations
of fundamental frequency at intra-syllabic level.

4.2. Predictive analysis

The three parameters in Table 3 yielding the highest correla-
tion coefficients with PD progression were selected for building a
regression model for H&Y labels: LFER, MFER and ?" HFER was

discarded for carrying redundant information once LFER and MFER
were considered. Indeed, all these three parameters add up to one,
since each of them represents the fraction of modulation energy
in a specific sub-band of the 0-20 Hz range, and they cover this

frequency range fully and without overlap. o, was not selected
since it measures the same intonation feature as ; j}’ i.e. the funda-
mental frequency range. Last, foin Was not considered because for
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Fig. 1. Scatter plots showing the relation between actual H&Y labels and those by the regression model for the overall population being studied (upper plot), and differentiated
for men (lower left plot) and women (lower right). The variables included in the regression model were LFER, MFER, and %

Table 4

p-values for the Wilcoxon test evaluating differences on the distributions of H&Y
labels assigned by the regression model to the different speaker groups. Control
speakers correspond to group 0.

H&Y label 1 2 3 4

0 <0.01 <0.01 <0.01 <0.01
1 0.46 0.27 0.21

2 0.42 0.10
3 0.10

the population being analysed it was not a specific indicator of PD,
given its relevant correlation with age. The modelling results are
depicted in Fig. 1. The value of the corresponding determination
coefficient was R2 ~0.373 when all the speakers were modelled as
a single population. A relevant difference was found in the quality
of the modelling results when the modelling was applied only to
male (R? ~0.308) or to female speakers (R? ~ 0.606).

The graph in Fig. 1 qualitatively shows that while there is a gen-
eral direct relation between the actual H&Y labels associated to
the speakers (0 for the control individuals, and the label assigned
by the neurologist for the PD patients) and the labels assigned by
the regression model, such relation is mainly due to the difference
between the control speakers and the rest. In other words, the rela-
tion would be less evident if the control speakers were left out of
the analysis. The relevance of this observation can be confirmed by
evaluating differences in the mean value of the modelling results
corresponding to the five speaker groups: control (H&Y label equal
to 0), and PD patients with assigned labels 1, 2, 3, and 4. The patient
with label 2.5 was left out of this analysis for being the only one in its
group. Table 4 shows the p-values evaluating the differences among
these means according to the Wilcoxon test. These confirm that
the only group significantly differentiated from the rest is the con-
trol group. As regards statistical significance, the same results were
found for male and female speakers when modelled separately.

As for the question of the feasibility of using these three
intonation descriptors (i.e. LFER, MFER, and ZfT‘;) as cues for the

early diagnosis of PD, the regression model described before may
be potentially used for discriminating between PD patients and
healthy speakers. This could be achieved by setting a threshold in
the model output HY. A first assessment of the performance of such
a system can be obtained by analysing the distributions of HY for
both PD patients and healthy controls. The plot in Fig. 2 shows the
cumulative distribution function (CDF) of the model outputs HY for
PD patients, and the complementary CDF (CCDF) for healthy indi-
viduals. The model was the same one that produced the results in
Fig. 1. The crossing point between the CDF corresponding to PD
patients and the CCDF corresponding to control speakers indicates
an estimated value for the equal error rate (EER) of PD detection
based on this model of 18%. If the 99% confidence intervals for the
sample CDFs are considered, the EER estimate is increased up to
36%.

The relation between specificity and sensitivity of this detec-
tion system is represented in the receiver operating characteristic
(ROC) plot in Fig. 3. The points in this graph correspond to the (1-
specificity, sensitivity) pairs associated to the same threshold values
for the detection system as the H&Y labels in the horizontal axis of
Fig. 2. The continuous line results from smoothing the point data
by local averaging, and it provides an estimate of the ROC curve of
the system. The area under this curve (AUC) provides a standard
measure of system performance [30]. Its value for this system is
0.634.

5. Discussion

The fact that PD affects pitch range in intonation has been
pointed out by several researchers [6,8,10]. Specifically, a reduced
pitch range has been measured in parkinsonian voices for the
speakers performing diverse tasks: text reading [6,8], monologue
[6], and conversation [10]. However, Bandini et al. did not find rel-
evant differences in pitch range between PD patients and healthy
speakers in repeated sentences [ 7].In this paper, we have presented
a transversal study of intonation in parkinsonian voices perform-
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ing a reading task. Accordingly, the results should be comparable
to those obtained from reading tasks in [6,8].

The first step of our analysis has been to obtain the fundamental
frequency contours corresponding to every speaker. These contours
have been described by the mean (/"Lfo ) maximum (fomin ) and min-
imum values (fomax ) of the fundamental frequency contour (f, [n]).
The results in Table 3 show that these three parameters are posi-
tively and significantly correlated with age for male speakers, and
that only fymin has a relevant correlation with PD stage, significant
for males and almost significant for females. The values of the cor-
relation coefficients between f, i, and age, and between f, i, and
HR&Y label are very similar. The fact that the fundamental frequency
tends toincrease with age for men over 60 years old has been widely
reported in the scientific literature [31,32]. For women, the trend
is the opposite (the fundamental frequency tends to decrease) and
less pronounced [32]. The results in Table 3 are consistent with
this previous knowledge: moderate and significant positive cor-
relations between fundamental frequency and age for males, and
low negative correlations for women not reaching statistical signif-
icance for this population. As for correlation with PD progression,
only fomin €xhibits a significant correlation with H&Y labels in the
case of men. Since the value of this correlation is similar to the

correlation with age, it can be concluded that the relation between
fomin increase and PD is not more relevant than its relation with age.
By contrast, for women PD has an effect on f,,i, that is opposite
to that of age, with the correlation between fy,i, and H&Y labels
almost reaching statistical significance. This increase of fomin as PD
progresses is coincident with a similar trend of reduction in fomax.
These sex-related differences in the prosodic disorders experienced
by parkinsonian speakers are in agreement with previous findings
reported in the scientific literature [12,33].

The simultaneous positive correlation between f,,;, and H&Y
labels, and negative correlation between fomax and H&Y labels for
female speakers indicates a relation between PD and a reduction
of pitch range. This is concordant with the usual identification of
monotony as a feature of parkinsonian voices [5]. Skodda et al. also
found that the perceived monotony tended to increase with time
for PD patients [8]. Pitch range has been evaluated in the literature
both as the difference between fomax and fomin (€..[7,10]) and the
standard deviation off, [n], oy, (e.g.[6]). We have preferred this sec-
ond option. The results in Table 3 indicate that the relation between
oy, and PD progression is notably different to the relation between
oy, and age. Thus, the analysis of oy, is expected to provide informa-
tion more specific to PD than wy, , fomin, OF fomax. As for the specific
values of the calculated correlation coefficients, oy, only has a sig-
nificant negative correlation with H&Y labels for women. For the
overall population, the correlation reaches statistical significance
but its absolute value is low (0.31). This result is congruent with
the lack of relevance of the differences between PD patients and
healthy controls in the absolute pitch range informed by Bandini
et al. [7]. On the opposite, the significant results reported by Rusz
et al. [6] and by Ikui et al. [10] were obtained with relative mea-
surements of pitch range. For our measurements, dividing oy, by
s, provides a relative evaluation of pitch range more correlated
to PD progression. In fact, significant correlations are obtained for
both male and female speakers, and the values of the correlation
coefficients are all over 0.5.

The relative pitch range % provides information about the
o

magnitude of pitch variations, but not about the speed, or rate,
at which such variations happen. In order to quantify changes
on that pitch modulation rate, we defined the parameters LFER,
MFER, and HFER (equations (8) to (10)). The values of the correla-
tion coefficients in Table 3 show that the reduction of pitch range
associated to PD is accompanied by a significant reduction in LFER.
This implies that the modulation rate of fundamental frequency,
or pitch, increases as PD progresses. Thus, for the studied popu-
lation pitch changes less and more rapidly as the speakers suffer
from PD at more advanced stages of the illness. This observation



380 P. Rodriguez-Pérez et al. / Biomedical Signal Processing and Control 51 (2019) 374-381

LFER = 0.976
400 T T T T T T T
—fO contour
§ 300 —Low-pass f | contourH
S
2200
3
o
o
I 100 .
0 1 1 1 1
1.5 2 25 3 35
Time (s)
LFER = 0.816
400 T 1 T T 1 L 1
e cONtOUI
5300 - —Low-pass f_ contour
)
2200 o
3
o
5}
i 100 - -
0 (I WAY 1 1 1 1 WA 1
0 1 2 3 5 6 7
Time (s)

Fig. 4. Fundamental frequency contours (thick lines) and their components with modulation frequencies up to 6 Hz (thin lines) for two voices with different values of the
LFER. The low-frequency components were estimated by calculating the DFT of the fundamental frequency contour, zeroing all its components corresponding to frequencies
above 6 Hz, and going back to temporal domain by computing the inverse DFT. The non-voiced intervals were managed by using the DFT for non-uniformly spaced samples

instead of the standard DFT, as in [34].

is consistent with the findings of Cnockaert et al. [11] relative to
the higher modulation frequencies observed in PD patients with
respect to healthy speakers. Fig. 4 illustrates this effect. It shows the
fundamental frequency contours corresponding to two speakers
with LFER values equal to 0.976 and 0.816, respectively. Four voiced
segments can be clearly identified in the upper contour, while the
lower one is formed by six voiced segments. For the upper plot
(higher LFER) the low-frequency components of the fundamental
frequency contour provide a good description of the overall evolu-
tion of f,. The intonation of the three first voiced segments has a
repetitive pattern that contributes to increasing the low-frequency
component of f, modulation. On the other hand, the voiced seg-
ments in the lower plot (lower LFER) have intonation patterns more
independent from one another. This, together with the presence of
some rapid variations in f,, especially in the first two voiced seg-
ments, contributes to lessen the value of LFER. One additional trait
of the intonation contour in the lower plot of Fig. 4 is the presence of
some rapid f, decays at the beginning of several voiced segments,
and one rapid increase at the end of the fourth voiced segment.
These fast variations of f, at the beginnings and ends of voiced seg-
ments contribute to the decrease of the LFER, and they are common
in PD patients [12].

The results depicted in Fig. 1 suggest that estimating the PD
stage from only the relative fundamental frequency range, LFER
and MFER is far from being feasible. The combined used of the loga-
rithms of these three parameters in a linear regression model is able
to explain only 37% of the variance of H&Y labels (R? ~0.373). This
resultisin agreement with the limited value of the correlation coef-
ficients reported in Table 3, with all of them having absolute values
below 0.8, and those referring to the overall population having
absolute values below 0.6. The stratified analysis of the modelling
results considering the actual H&Y labels assigned by the neurol-
ogist leads to the conclusion that the linear regression model only
provides significant differences between the healthy speakers and
the rest, but it is not able to significantly discriminate the H&Y label
assigned to each patient by the neurologist (Table 4). Although the
regression results are better for women when different regression
models are produced for male and female speakers (Fig. 1), the lim-
ited number of women in the studied population does not allow to
get significant discrimination among PD stages either. Rektorova
et al. [18] found pitch range to be a good predictor of the cognitive

status of PD patients at a given time, but not of the cognitive decline
experienced after a certain period.

One last question regarding the usefulness of this intonation
analysis is whether it may be used as a tool for the early diagnosis
of PD. Fig. 2 shows the distribution of H&Y labels provided by the
same regression model mentioned before. Due to the limited num-
ber of samples in the experiment, the 99% confidence interval for
the distribution has also been plotted. The crossing point between
the distribution of labels for the control group and the comple-
mentary distribution of labels for patients provides an estimate of
the potential performance of the detection system when it is cali-
brated so that the false positive rate equals the false negative rate.
This crossing point for 99% confidence intervals for the distribu-
tions is at EER =36.2%. The potential performance of such a system
can also be evaluated by plotting the ROC curve, which represents
the relation between specificity and sensitivity (Fig. 3). Again, due
to the limited number of samples, merely linking the points in the
plot would produce a zigzagging curve. For this reason, we have
opted for performing a local averaging of points before generating
the ROC curve. Its corresponding AUC results in a value similar to
1 - EER, AUC=0.634.

The performance indicators obtained for the detection system
mentioned above may be evaluated from two different points of
view. On the one hand, the values for 1—EER and AUC are well
over 0.5, which implies that this simple model including only three
parameters contains significant information for the detection of PD.
The fact that PD has been reported to affect cognition previously
to motion [16] and that cognition affects intonation planning [12]
contributes to justify why our regression model partly explains the
differences between healthy and parkinsonian speakers, although
it is not able to further discriminate the stage of the disease. Per-
ceived monotony has been reported to be correlated with the
cognitive decline experienced by PD patients in a longitudinal
study [8]. However, the intrinsic characteristics of a longitudinal
study imply that the same population is analysed at two different
times, while in transversal studies the patient populations suffer-
ing from PD at different stages are also different, so there is an
inter-speaker variability among PD stages that does not happen
in longitudinal studies. In this study, this inter-speaker variability
may have also been affected by the diversity in the state of health of
the participants, which was only controlled regarding neurological
condition. Specifically, the presence of mild laryngeal disorders was
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not evaluated, it was only checked that the participants could read
intelligibly without excessive effort and without feeling pain. The
inter-speaker diversity is a likely cause for this study not resulting
in the same significant correlations as reported in [8].

On the other hand, while 1 — EER and AUC have values well over
0.5, these values are also far from the optimum, which s 1. It should
be further considered that these performance estimates are opti-
mistic, since they were obtaining using the resubstitution method
for evaluation [35], although the high ratio between voice samples
(62)and number of parameters (3) suggests that this optimistic bias
is not too high. Consequently, the value of these parameters for the
detection of PD is limited, since their foreseeable performance in
the detection of PD is not high, a potential explanation being that
inter-speaker variability makes it difficult to set thresholds for the
objective measurements of voice monotony that are universally
valid for evaluating PD evolution. However, the reported results
have also shown that some simple descriptors of the variability
of the fundamental frequency are significantly correlated with the
HR&Y labels assigned to the patients by the neurologist.

6. Conclusions

The analysis of the fundamental frequency contours produced
by 30 PD patients plus 32 healthy individuals reading a text with
only voiced phonemes in Spanish indicates that the pitch range,
when measured relative to the mean fundamental frequency, pro-
vides a cue for evaluating PD stage that is fairly independent from
age. However, the correlation between pitch range and PD stage
only reaches moderate-to-high values in the case of women. The
dynamics of the fundamental frequency has been studied not only
in terms of its range, but also in terms of its modulation frequen-
cies. According to the results shown in this paper, this analysis is
able to provide significant information for studying the effect of
PD on prosody, since it allows detecting the relevance of the slow
(at supra-syllabic level) components of pitch evolution, which are
related to the ability to plan intonation in the long term. Yet, the
quantitative assessment of the performance of the regression mod-
els proposed for predicting H&Y labels as a function of both pitch
range and pitch modulation rates suggest that these measures,
though informative, they are likely to be of imited value in the early
diagnosis of PD, unless they can be combined with other diagnosis
cues. Regarding inter-speaker variability, our results are consistent
with previous findings pointing out the differences between male
and female speakers in the evolution of their intonation patterns
as a function of both age and PD disease. This indicates the conve-
nience of developing sex-dependent models for the assessment of
intonation in this context.
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