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Background. Although increased nasality can originate from basal ganglia dysfunction, data regarding
hypernasality in Parkinson's disease (PD) and Huntington's disease (HD) are very sparse. The aim of the
current study was to analyze acoustic and perceptual correlates of velopharyngeal seal closure in 37 PD
and 37 HD participants in comparison to 37 healthy control speakers.
Methods. Acoustical analysis was based on sustained phonation of the vowel /i/ and perceptual analysis
was based on monologue. Perceptual analysis was performed by 10 raters using The Great Ormond
Street Speech Assessment ’98. Acoustic parameters related to changes in a 1/3-octave band centered on
1kHz were proposed to reflect nasality level and behavior through utterance.
Results. Perceptual analysis showed the occurrence of mild to moderate hypernasality in 65% of PD,
89%of HD and 22% of control speakers. Based on acoustic analyses, 27% of PD, 54% of HD and 19% of
control speakers showed an increased occurrence of hypernasality. In addition, 78% of HD patients
demonstrated a high occurrence of intermittent hypernasality. Further results indicated relationships
between the acoustic parameter representing fluctuation of nasality and perceptual assessment (r =
0.51, p < 0 .001) as well as the Unified Huntington Disease Rating Scale chorea composite subscore (r =
0.42, p = 0.01).
Conclusions. In conclusion the acoustic assessment showed that abnormal nasality was not a common
feature of PD, whereas patients with HD manifested intermittent hypernasality associated with chorea.
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Abstract

26

Background. Although increased nasality can originate from basal ganglia dysfunction, data

27

regarding hypernasality in Parkinson's disease (PD) and Huntington's disease (HD) are very

28

sparse. The aim of the current study was to analyze acoustic and perceptual correlates of

29

velopharyngeal seal closure in 37 PD and 37 HD participants in comparison to 37 healthy control

30

speakers.

31

Methods. Acoustical analysis was based on sustained phonation of the vowel /i/ and perceptual

32

analysis was based on monologue. Perceptual analysis was performed by 10 raters using The

33

Great Ormond Street Speech Assessment ’98. Acoustic parameters related to changes in a 1/3-

34

octave band centered on 1 kHz were proposed to reflect nasality level and behavior through

35

utterance.

36

Results. Perceptual analysis showed the occurrence of mild to moderate hypernasality in 65% of

37

PD, 89% of HD and 22% of control speakers. Based on acoustic analyses, 27% of PD, 54% of

38

HD and 19% of control speakers showed an increased occurrence of hypernasality. In addition,

39

78% of HD patients demonstrated a high occurrence of intermittent hypernasality. Further results

40

indicated relationships between the acoustic parameter representing fluctuation of nasality and

41

perceptual assessment (r = 0.51, p < 0 .001) as well as the Unified Huntington Disease Rating

42

Scale chorea composite subscore (r = 0.42, p = 0.01).

43

Conclusions. In conclusion the acoustic assessment showed that abnormal nasality was not a

44

common feature of PD, whereas patients with HD manifested intermittent hypernasality

45

associated with chorea.
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Introduction

48
49

Considerable attention has been given to progressive neurodegenerative diseases

50

affecting the basal ganglia such as Parkinson’s disease (PD) and Huntington’s disease (HD).

51

Both PD and HD are terminal neurodegenerative diseases that elicit a variety of motor and non-

52

motor manifestations, which significantly contribute to decreased quality of life (Jankovic 2008;

53

Walker 2007). As PD and HD affect different regions of the basal ganglia, the manifestations

54

differ between both diseases. In PD, damage of dopaminergic neurons in the substantia nigra and

55

related dopamine depletion lead to debilitating loss of movement due to muscle rigidity,

56

bradykinesia and resting tremor. In HD, damage to the striatum primarily results in extensive

57

semi-directed, non-rhythmic movements termed chorea, dementia and psychiatric manifestations

58

encompassing behavioral difficulties connected with lower emotional control and intense

59

irritability (Jankovic 2008; Walker 2007).

60

The majority of both PD and HD patients manifest the motor speech disorder termed

61

dysarthria (Hartelius et al. 2003; Logemann et al. 1978; Rusz et al. 2014), which is an

62

impairment resulting from sensorimotor abnormalities that may affect all subsystems of speech

63

including respiration, phonation, articulation, prosody, and resonance (Duffy 2013). The

64

dysarthrias are differentiated according to perceptual characteristics of speech and corroborated

65

by the underlying neuropathology. In particular, PD is associated with hypokinetic dysarthria due

66

to akinesia and bradykinetic-rigid syndromes, whereas HD shows hyperkinetic dysarthria

67

resulting from chorea (Duffy 2013). Despite the fact that both PD and HD are primarily disorders

68

of the basal ganglia, the distinctive speech patterns connected with hypokinetic and hyperkinetic

69

dysarthria are usually antagonistic. For instance, hypokinetic dysarthria in PD typically shows
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reduced vocal loudness and flattened loudness and pitch inflections, poor voice quality, variable

71

and frequently increased speech rate, inappropriate silences and breathiness, while in contrast

72

hyperkinetic dysarthria in HD demonstrates excess loudness and pitch variations, voice arrests,

73

slow speech rate, inappropriate vocal noises and intermittent breathy segments (Darley et al.

74

1975; Logemann et al. 1978; Rusz et al. 2014).

75

Interestingly, although hypokinetic and hyperkinetic dysarthria manifestations are often

76

counteractive, hypernasality has been reported in both hypokinetic and hyperkinetic dysarthria

77

(Duffy 2013; Hoodin & Gilbert 1989; Chenery et al. 1988; Logemann et al. 1978; Theodoros et

78

al. 1995). In particular, investigation of both PD and HD provides us with the unique possibility

79

to study the effect of basal ganglia dysfunction on the presence of hypernasality. Admittedly,

80

hypernasality represents a distinctive manifestation of certain dysarthria subtypes, particularly of

81

flaccid dysarthria, and thus its evaluation can provide useful information in the differential

82

diagnosis of dysarthrias (Duffy 2013).

83

Hypernasality is a result of velopharyngeal impairment and may be defined as the

84

presence of inappropriate air leakage through the nasal cavity during phonation (Warren et al.

85

1993). This leakage may result from abnormal velopharyngeal structure, which is termed

86

velopharyngeal insufficiency (VPI), and is present in patients with cleft palate, palatal fistula,

87

and patients that have undergone maxillectomy. Other mechanisms of hypernasality are distorted

88

neuromuscular control of the levator veli palatini muscle and velopharyngeal seal, termed

89

velopharyngeal incompetence (VIC), which includes patients with neurodegenerative diseases

90

(Folkins 1988). While abnormal velopharyngeal structure primarily leads to hypernasality,

91

impaired neuromuscular control leading to dysarthria results in multiple speech distortions in

92

which the particular effect of hypernasality may be less apparent to the listener due to the

PeerJ reviewing PDF | (2016:07:11842:1:0:NEW 26 Aug 2016)

Manuscript to be reviewed
93

presence of other dysarthria manifestations. Thus the majority of recent hypernasality research

94

has been focused on VPI-induced hypernasality (Dickson 1962; Kataoka et al. 1996; Lee et al.

95

2003; Maier et al. 2008; Yoshida et al. 2000), whereas only a few studies have investigated VIC

96

hypernasality (Hoodin & Gilbert 1989; Chenery et al. 1988; Poole et al. 2015).

97

Studies examining hypernasality in PD have yielded controversial results. Logemann et

98

al. (1978) perceptually detected hypernasality in only 10% of PD patients, whereas Chenery et

99

al. (1988) and Theodoros et al. (1995) reported hypernasality in more than 30% of PD speakers.

100

In addition, Ludlow & Basich (1983) included hypernasality among the 10 most distinctive

101

perceptual features of PD, while Darley et al. (1975) did not find hypernasality to be a prominent

102

feature of hypokinetic dysarthria. Considering HD speakers, to the best of our knowledge, no

103

study has systematically examined hypernasality during hyperkinetic dysarthria, although Duffy

104

(2013) reported intermittent hypernasality as one of the most deviant speech dimensions present

105

in hyperkinetic dysarthria.

106

The etiology of hypernasality in PD and HD is unclear. Although the dysarthria is

107

typically attributed to the disrupted motor control, little correspondence between speech and limb

108

manifestations has been found (Schulz & Grant 2000). Nevertheless, recent evidence based upon

109

longitudinal follow-up data has shown that speech disorders in PD are generally related to the

110

dopaminergic responsiveness of bradykinesia (Rusz et al. 2016). We may thus hypothesize that

111

bradykinetic disturbances in soft palate control in PD may affect articulation of the

112

velopharyngeal seal and accordingly lead to steady air leakage and increased hypernasality.

113

Moreover, distorted neuromuscular control of levator veli palatini in PD may lead to increased

114

hypernasality with increased fatigue during speech tasks.
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In HD, the relationship between speech and limb manifestations appears to be more

116

prominent. Correlation between speech timing parameters and overall motor disability has been

117

noted previously (Rusz et al. 2014; Skodda et al. 2014). Furthermore, a relationship between

118

laryngeal dysfunction and limb chorea has also been observed, likely as a result of laryngeal

119

chorea (Rusz et al. 2013).

120

velopharyngeal seal and velum may lead to varying resonance distortion, which would be in

121

agreement with reported intermittent hyperkinetic dysarthria (Duffy 2013).

Therefore, we hypothesize that choreatic movements of the

122

Currently the most common method for hypernasality estimation is perceptual rating

123

(Kuehn & Moller 2000). In particular, perceptual assessment is considered the primary means to

124

evaluate levels of nasality in children (Vogel et al. 2009). However, inter-rater and intra-rater

125

reliability is questionable and perceptual rating requires a trained speech specialist (Kuehn &

126

Moller 2000). Consequently, more objective methods have been developed to complement

127

perceptual ratings. Invasive methods, such as x-ray tracing with a lead pellet attached to the

128

velum, provide direct observation of velopharyngeal movements (Hirose et al. 1981). Other

129

methods employ indirect estimation based on measurements of nasal airflow, nasal cavity

130

sonography, nasometry comparing nasal and oral acoustic outputs, or the Horii Oral-Nasal

131

Coupling Index (Dillenschneider et al. 1973; Hardin et al. 1992; Horii 1980). One of the least

132

demanding methods with respect to patients and equipment is the 1/3-octave spectra, which is

133

based on direct, non-invasive analysis of acoustic speech signal and was originally developed for

134

the estimation of velopharyngeal insufficiency in cleft palate (Kataoka et al. 1996) and was later

135

validated by Vogel et al. (Vogel et al. 2009).

136

The 1/3-octave spectra method is a type of spectral analysis focused on the examination

137

of spectral changes caused by resonatory speech pathologies. This method is based upon the
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linear source–filter theory of speech, which was first described by Gunnar Fant (Fant 1960).

139

According to this theory, speech is partly created by a transfer function of the vocal tract. The

140

introduction of the nasal cavity to the vocal tract leads to significant changes in its transfer

141

function by incorporating nasal resonance Fn at an area around 1 kHz (Stevens 2000). Several

142

previous studies have shown that nasal resonance is a reliable marker of hypernasality (Kataoka

143

et al. 1996; Lee et al. 2003; Vogel et al. 2009; Yoshida et al. 2000). However, some vowels may

144

mask nasal resonance by the presence of formant frequencies in the area close to 1 kHz.

145

The vowel /i/ with the first formant frequency (F1) at approximately 240 Hz and the

146

second formant frequency (F2) at approximately 2400Hz appear to be the most sensitive to nasal

147

resonance (Fant 1960; Kataoka et al. 1996; Lee et al. 2003; Vogel et al. 2009). Being the most

148

evident, nasal resonance in the vowel /i/ should be more robust to anatomical variation of the

149

nasal cavity including asymmetrical shape and varying shape of the connected sinuses.

150

Moreover, the vowel /i/ is considered to be the most sensitive to nasal coupling (Stevens 2000)

151

and thus previous studies have focused on the quantitative evaluation of VPI hypernasality

152

through the sustained vowel /i/ (Kataoka et al. 1996; Lee et al. 2003; Yoshida et al. 2000). Based

153

on experiments with experienced listeners and rating of nasality in artificially generated sounds

154

in patients with cleft palate and those that underwent maxillectomy, previous studies have

155

confirmed the vowel /i/ as an ideal speech task for hypernasality assessment (Kataoka et al.

156

1996; Vogel et al. 2009; Yoshida et al. 2000). Moreover, limited motion of the articulators

157

including the jaw, tongue and lips in dysarthrias co-occur with velopharyngeal inadequacy and

158

may play a more dominant role in changing the measures related to nasality. From this

159

perspective, prolongation of vowel /i/ is a particularly suitable task to acoustically assess nasality
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in dysarthrias, as it represents relatively steady vocal function without the confounding effects of

161

articulatory components of running speech.

162

Based upon these previous findings, the goal of the present study was to employ methods

163

of objective hypernasality assessment and evaluate the presence and character of hypernasality in

164

PD and HD speakers. A further aim was to examine possible relationships between the severity

165

of hypernasality and disease-specific motor manifestations, to provide more insight into the

166

pathophysiology responsible for development of hypernasality in basal ganglia disorders.

167
168

Methods

169
170

Subjects

171

The participants in the present study were part of a larger investigation examining speech

172

characteristics of patients with PD and HD. Previous reports generally focused on phonatory,

173

articulatory and prosodic abnormalities including medication effects (Rusz et al. 2013; Rusz et

174

al. 2014; Rusz et al. 2016). A total of 111 Czech native speakers, including 37 PD patients, 37

175

HD patients and 37 healthy participants were recorded.

176

The PD group consisted of 23 men and 14 women, mean age 63.1 ± 14.0 standard

177

deviation (SD) (range 41-80) years, mean disease duration 8.0 ± 4.8 (1-24) years. All PD patients

178

fulfilled the diagnostic criteria for PD (Hughes et al. 1992). All participants were on stable

179

dopaminergic medication for at least 4 weeks before the examinations, which were conducted in

180

the on-medication state. All PD patients underwent neurological examinations by an experienced

181

neurologist and were rated according to the Hoehn & Yahr staging scale (H&Y, ranging from 1

182

to 5, where 1 indicates mild unilateral motor disorder and 5 indicates confinement to wheelchair
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or bed) and motor Unified Parkinson's Disease Rating Scale (UPDRS III, ranging from 0 to 108,

184

with 0 for no motor manifestation and 108 representing severe motor distortion) (Hoehn & Yahr

185

1967; Stebbins & Goetz 1998). In addition, the UPDRS composite subscore of bradykinesia

186

(sum of UPDRS III items 23, 24, 25 and 26, ranging from 0 to 24, with 0 for no bradykinesia and

187

24 representing severe bradykinetic distortion) was estimated (Hughes et al. 1992; Jankovic

188

2008). Perceptual speech evaluation was based upon UPDRS III speech item 18 (range 0–4, with

189

0 representing normal speech and 4 indicating unintelligible speech). The H&Y score was 2.1 ±

190

0.4 (1-3), UPDRS III score was 17.5 ± 8.2 (4-36), the UPDRS bradykinesia subscore was 7.8 ±

191

3.6 (2-17), and the UPDRS III speech item 18 score was 0.8 ± 0.6 (0-2).

192

The HD group consisted of 19 men and 18 women with genetically confirmed HD with

193

mean age 49.1 ± standard deviation (SD) 12.7 (range 23-67) years, mean disease duration 6.1 ±

194

3.4 (1-16) years, mean number of CAG triplets 44.7 ± 3.3 (40-53). Most of the patients (32/37)

195

were treated with monotherapy or a combination of benzodiazepines, antipsychotics, amantadine

196

and antidepressants. All HD patients underwent extensive examination by an experienced

197

neurologist and were rated according to the Unified Huntington's Disease Rating Scale (UHDRS,

198

ranging from 0 to 124, where 0 indicates no motor disability and 124 indicates severe motor

199

disability) (Huntington-Study-Group 1996). In addition, the UHDRS chorea subscore was

200

estimated (ranging from 0 to 28, where 0 indicates no motor disability and 28 indicates severe

201

motor disability) (Rusz et al. 2013; Walker 2007). Perceptual speech evaluation was based upon

202

the UHDRS speech item (ranging from 0 to 4, where 0 indicates no disability and 4 indicates

203

severe dysarthria). The UHDRS motor score was 25.7 ± 12.2 (3-54), the UHDRS chorea

204

subscore was 8.6 ± 3.7 (0-14), and the UHDRS speech item was 0.8 ± 0.5 (0-2).
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The healthy control (HC) group consisted of 23 men and 14 women, mean age of 63.1 ±

206

8.7 (41-77) years. None of the HC participants had a history of neurological or speech disorder.

207

None of the HD, PD or HC subjects suffered from chronic obstructive pulmonary disease,

208

respiratory tract infection, allergy, asthma, facial paresis, or other malady that could negatively

209

influence participant speech performance.

210
211

The study was approved by the Ethics Committee of the General University Hospital in
Prague, Czech Republic, and all participants provided written, informed consent.

212
213

Speech Data

214

All recordings took place in a quiet room with a low ambient noise level using a head-

215

mounted condenser microphone (Beyer-dynamic Opus 55-, Heilbronn, Germany) positioned

216

approximately 5 cm from each subject’s mouth. The utterances were sampled at 48 kHz with

217

16 bit quantization. All the voice signals were obtained during single session conducted by a

218

speech specialist, who asked participants to take a deep breath and perform sustained phonation

219

of vowel /i/ at a comfortable loudness and pitch, as constant and long as possible. The

220

measurement of sustained phonation was performed twice. The participants were also asked to

221

provide freely spoken monologue on a given topic including family, work or interests, for at least

222

two minutes. The both sustained phonation and monologue tasks were part of a comprehensive

223

dysarthria test battery. No time limits were imposed during recording. The inclusion criteria were

224

determined as the ability to sustain prolonged phonation for at least three seconds.

225
226

Perceptual Analysis
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As connected speech is more demanding for velopharyngeal control, it is considered the

228

most valid task for perceptual nasality estimation (Kuehn & Moller 2000). The rating of nasality

229

was based on speech material where the patient produced a monologue and performed by 10

230

raters including one speech-language pathologist, three clinicians and six acoustic speech

231

specialists using a graded scale (0 = normal nasality, 1 = mild hypernasality, 2 = moderate

232

hypernasality, 3 = severe hypernasality), based on The Great Ormond Street Speech Assessment

233

’98 (GOS.SP.ASS.’98) (Sell et al. 1999). All the raters were trained by the speech language

234

pathologist prior to perceptual assessment. The perceptual assessment was performed blindly on

235

randomized data consisting of all three participant groups. The presentation of samples was self-

236

paced and performed by each rater separately, and each speech sample could be repeated at the

237

discretion of the listener. The final score was obtained for overall perceptual rating across all

238

raters by the median value computed from all perceptual assessments in the group. The inter-

239

rater and intra-rater variability was estimated using a two way random average intra-class

240

correlation (ICC). Intra-rater reliability was based upon the second perceptual assessments

241

performed by all raters with more than three months delay. During the second assessment, each

242

rater scored 27 randomly selected phonations (24% of entire dataset) equally representing PD,

243

HD and HC groups.

244
245
246

Acoustic Analysis

247

For the purposes of instrumental analysis, two recording parts equal to 10% of signal

248

length were cut off from both the beginning and end of the vowel /i/ to avoid distortion by initial

249

vocal fold adjustment and fatigue at the end of the utterance. The remaining signal was then
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resampled to 20 kHz, which lowered the computational complexity and preserved all useful

251

information (Titze 1994). The preprocessed signal was divided using a hamming 60 ms window

252

with 55 ms overlap. Subsequently, each window was analyzed using a 1/3-octave spectra

253

method.

254

The process of 1/3-octave spectra analysis based on the multirate filter bank presented by

255

Couvreour (1998) is illustrated in Fig.1. The three highest 1/3-octave frequency band filters were

256

designed according to this method. For our purposes, the 3rd order IIR Butterworth filters were

257

used and centered on octave frequencies of 2500 Hz [passband from 2244.9 Hz to 2828.4 Hz],

258

3150 Hz [passband from 2828.4 Hz to 3563.6 Hz], and 4000 Hz [passband from 3563.6 Hz to

259

4489.8 Hz]. After filtering, the highest components were removed from recording and the signal

260

was then down-sampled by a factor of 2, i.e., sampling frequency (fs) to fs/2. Being defined in

261

relation to the fs, the filter characteristics related to fs/2 yielded one octave lower for each down

262

sampling. Based on this approach, the entire filter bank was achieved by the iterative use of

263

signal down sampling. In each 1/3-octave frequency band, the root-mean-square (RMS) energy

264

was estimated and achieved energy was transformed into decibels. A sum of energy contained in

265

the entire 1/3-octave spectra was used as a reference value for the transformation into decibels,

266

as described by Equation 1.

267





E
(
i
)
filtered

,
E (i )  10log10 18


  E filtered (k ) 
 k 1


(1)

268

where Efiltered is energy contained in the single band of 1/3-octave and E(i) is the decibel value of

269

energy contained in the i-th band.
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Considering the effect of spectral flattening, nasality in sustained phonation of the vowel

271

/i/ was evaluated using the EFn parameter, which represented energy in a 1/3-octave band

272

centered around 1 kHz [passband from 890.9 Hz to 1122.5 Hz]. This parameter reflected the

273

addition of nasal resonance and additive nasal pole to the transfer function at 1 kHz. The overall

274

level of hypernasality was estimated by the mean value of EFn parameter (EFn mean) across all

275

windows in the entire utterance. The variability of nasality (EFn SD) in speech was evaluated as

276

the standard deviation of each parameter across the entire utterance. Finally, the evolution of

277

hypernasality in the course of the utterance (EFn trend) was described using a linear regression

278

tangent for each parameter.

279
280

Statistics

281

As the vowel /i/ was recorded twice for all speakers, average values of estimated acoustic

282

parameters EFn mean, EFn SD and EFn trend for each participant were used for all consecutive

283

analyses.

284

The Kolmogorov-Smirnov test for independent samples was used to evaluate normality.

285

Analysis of variance (ANOVA) with post-hoc Bonferroni adjustment was used for the estimation

286

of group differences between PD, HD and HC groups across acoustic variables.

287

Relationships between variables were evaluated using Pearson’s correlation and

288

Spearman’s correlation. Pearson’s correlation was applied to normally distributed data (acoustic

289

speech metrics and disease severity scores), whereas Spearman’s correlation was used for non-

290

normally distributed data (perceptual assessment of nasality and dysarthria severity). The

291

Bonferroni adjustment for multiple comparisons was performed according to the four measures
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investigated (EFn mean, EFn SD, EFn trend, and perceptual assessment) and the level of

293

significance was set at p < 0.0125.

294

Due to the lack of information necessary for the classification of hypernasality, the

295

assessment of the percentage of affected participants from acoustic data was based on the Wald

296

task, which enables setting the classification specificity and sensitivity and therefore allows a

297

more conservative threshold. The Wald task is a non-Bayesian statistical decision-making

298

method which assumes that the dataset consists of two statistical distributions representing

299

positive and negative cases and enables predefining false positive and false negative

300

classifications by extending two basic classes (i.e., healthy and hypernasal), by an indecisive

301

class (Schlesinger & Hlavac 2002). Use of the indecisive class enables set boundaries where the

302

possibility of a false positive or false negative result reaches a predefined value. Therefore the

303

indecisive class is used in cases where measured data do not provide sufficient information for

304

clear-cut classification. In such cases the user can decide whether the indecisive results would be

305

discarded, incorporated with positive results providing the classifier with greater sensitivity and

306

smaller selectivity or labeled as negative producing a less sensitive and more selective classifier.

307

As a result, the method provides optimal cut-off values indicating if the subject already reached

308

hypernasal speech performance or manifest normal nasality of wider norm of healthy speakers.

309

In other words, the approach based on the Wald task avoids classifier overtraining and ensures

310

certain confidence that cut-off values will be associated with hypernasal behavior.

311

Comprehensive details on the Wald task have been published previously (Rusz et al. 2011).

312
313

Results

314
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Perceptual Analysis

316

According to UPDRS III speech item 18, 10 PD patients (27%) demonstrated no speech

317

impairment (score of 0), 32 PD patients (62%) mildly affected speech (score of 1) and 4 PD

318

patients (11%) moderately affected speech (score of 2). According to the UHDRS speech item, 8

319

HD patients (22%) showed normal speech (score of 0) and 29 HD patients (78%) dysarthria

320

without the necessity of repeating speech to be intelligible (score of 1). In summary, the speech

321

of all PD and HD patients was still fully understandable as indicated by UPDRS speech item 18

322

(ranging between 0 and 2) as well as the UHDRS speech item (ranging between 0 and 1).

323

The distribution of participants across four perceptual rating grades (no, mild, moderate,

324

severe) are presented in Fig. 2. According to perceptual tests, 65% of PD and 89% of HD

325

patients showed mild or moderate hypernasal speech performance, whereas mild hypernasality

326

was observed in 22% of healthy speakers. The estimated inter-rater reliability was 0.85

327

(p < 0.001) across all raters and the intra-rater reliability ranged between 0.77 (p < 0.05) and 0.85

328

(p < 0.001) between individual raters.

329
330

Acoustical Analysis

331

Figure 3 illustrates the average energy distributions in PD, HD and HC groups across 18

332

frequency bands. As can be seen, the HD group demonstrates spectral flattening in the area

333

between the F1 and F2 formant frequencies.

334
335

Analysis of test-retest reliability of the proposed parameter EFn showed strong correlation

336

for mean (r = 0.87, p < 0.001) and SD (r = 0.79, p < 0.001) parameters, whereas trend analyses

337

showed only moderate correlation (r = 0.47, p < 0.001). Table 1 lists the results of acoustic
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analyses. Statistically significant differences between all groups were observed for EFn mean and

339

EFn SD (p < 0.001), particularly due to differences between HD and HC groups (p < 0.001).

340
341

Fig.4 A-C shows the percentage of affected participants according to Wald analysis. Using a

342

cutoff value of -33dB for EFn mean, we found increased nasality in 27% of PD, 54% of HD and

343

19% of HC speakers. In addition, based upon a cutoff value of 3 dB for EFn SD, we observed

344

abnormal nasality variability in 27 % of PD, 78% of HD and 11 % of HC participants.

345
346

Relationship between perceptual and acoustic analysis

347

Figure 4 shows comparisons related to the percentage of participants rated as hypernasal

348

by acoustic methods and the overall perceptual score obtained across all raters for PD, HD, and

349

HC groups. We observed significant correlation between overall perceptual rating and the

350

acoustic EFn SD parameter (r = 0.51, p < 0.001) but not EFn mean parameter (r = 0.09, p = 0.35)

351

or EFn trend parameter (r = 0.08, p = 0.38).

352
353

Relationship between hypernasality and clinical manifestations

354

Table 2 lists results of correlations between hypernasality measurements and clinical

355

manifestations for PD and HD groups. In the PD group, we did not detect any relationship

356

between acoustic assessment of hypernasality and clinical metrics. In the HD group, we observed

357

only significant relationships between the UHDRS chorea subscore and EFn SD (r = 0.42, p =

358

0.01) and between UHDRS speech item and EFn SD (r = 0.46, p = 0.01). We did not detect

359

correlation between perceptual assessment and clinical manifestations in either PD or HD

360

groups.
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362

Discussion

363
364

In the present study, we analyzed hypernasality in PD, HD and HC utterances using

365

objective acoustic analyses as well as perceptual assessment, which represents current gold

366

standard for hypernasality evaluation. Based upon the 1/3-octave spectra analysis presented by

367

Kataoka et al. (1996) and the acoustic model of the vocal tract published by Fant (1960), we

368

designed the parameter EFn to evaluate the presence and character of hypernasality in prolonged

369

vowels. Using acoustic analysis, we revealed an occurrence of hypernasality in 27% of PD, 54%

370

of HD and 19% of HC speakers. In addition, our results showed a high occurrence of intermittent

371

hypernasality in 78% of HD patients. Perceptual analysis showed the occurrence of mild to

372

moderate hypernasality in 65% of PD, 89% HD and 22% HC speakers. Significant correlation

373

between the acoustic parameter representing nasality fluctuation and perceptual assessment was

374

observed. Furthermore, we revealed significant correlation between acoustic metric representing

375

nasality fluctuation and chorea in HD patients.

376

Nasality in PD

377

Although using acoustic analysis we detected hypernasality in 27% of PD speakers, the

378

non-significant difference between PD and HC groups suggests that hypernasality is a non-

379

prominent speech manifestation. Previous studies focused on hypernasality in PD have provided

380

rather inconsistent conclusions. Based on perceptual evaluation, Ludlow & Basich (1983)

381

included hypernasality among the 10 most salient features connected with dysarthria, whereas

382

Logemann et al. (1978) observed hypernasality in only 10% of participants based on a large

383

sample of PD patients. Considering instrumental analyses, only Mueller (1971) failed to detect
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hypernasality in PD speakers, contrary to the majority of studies reporting an increased

385

occurrence of hypernasality in PD participants (Hoodin & Gilbert 1989; Netsell et al. 1975;

386

Theodoros et al. 1995). While the differences in perceptual assessments could be explained by

387

the fact that listeners from various cultures may have a different level of tolerance for perceived

388

hypernasality, inconsistencies in the instrumental assessment are likely due to the differing

389

sensitivity of particular methods. Moreover, both perceptual and instrumental assessment could

390

be biased by differences in the sample data, as the majority of previous studies have reported

391

hypernasality in a minority of PD speakers. One further explanation for these discrepancies may

392

be that the severity of hypernasality parallels overall disease progression to some extent (Hoodin

393

& Gilbert 1989). However, we did not observe any relation between hypernasality metrics and

394

disease duration, speech severity, or motor severity scales in PD.

395
396

Nasality in HD

397

The presence of hypernasality was observed both perceptually and acoustically in the

398

majority of our HD speakers, which was mainly associated with the occurrence of abnormal

399

nasality variability. Indeed, we observed correlation between acoustic nasality variability and the

400

chorea UHDRS subscore, demonstrating the significant impact of chorea on velopharyngeal

401

mechanism. Although our findings seem to be in accordance with Duffy (2013) that perceptually

402

indicated intermittent hypernasality as a salient feature of patients manifesting chorea, there

403

appear to be no other empirical data to support the results of the present study. Additionally, we

404

also revealed relationship between acoustic nasality variability and overall dysarthria severity,

405

indicating that the extent of abnormal nasality partially parallels increasing overall speech

406

dysfunction in HD.
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408

Perceptual assessment of hypernasality

409

Previous studies have reported perceptual assessment of hypernasality in dysarthria as

410

rather unreliable as hypernasality is less apparent to the listener due to the presence of more

411

dominant dysarthria manifestations (Brancewicz & Reich 1989). Nevertheless, although

412

perceptual assessment of nasality in dysarthrias is challenging, it is still considered the gold

413

standard, even in studies investigating acoustic techniques. Our results indicate more HD and PD

414

participants systematically rated as hypernasal by perceptual assessment than by an instrumental

415

approach, likely due to difficulty in achieving accurate perception of hypernasality when other

416

abnormal dysarthria characteristics are present. Furthermore, the difference between speech tasks

417

used during perceptual and instrumental evaluation could be a source of discrepancy between

418

acoustic and perceptual assessments.

419

There is a little evidence for correlation between perceptual and instrumental

420

measurements of hypernasality in dysarthrias (Poole et al. 2015; Theodoros et al. 1995). In our

421

HD sample, acoustic analyses identified only 50% of all HD speakers as hypernasal in

422

comparison to the perceptual rating of nearly 90%. Yet, the abnormally intermittent character of

423

nasality was also acoustically observed in nearly 80% of all HD participants. As we observed

424

significant correlation between acoustic parameters measuring intermittent hypernasality and

425

perceptual ranking, we may hypothesize that fluctuation in the level of nasality makes resonatory

426

disruptions more obvious to perceptual raters. Interestingly, these correlations were evident even

427

if perceptual and acoustic assessment were performed using different speech material.

428

In agreement with our findings, previous studies have perceptually rated the majority of

429

PD participants as mildly hypernasal (Hoodin & Gilbert 1989; Theodoros et al. 1995). However,
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our raters tended to evaluate PD utterances with higher nasality scores in ambiguous cases.

431

Indeed, some mild hypernasality is not rare even in healthy subjects and was observed in up to

432

22% of our control speakers, which is in accordance with previous research (Poole et al. 2015).

433

Given this evidence, we may suppose that the perceptual decision between normal and mildly

434

hypernasal speech can be misleading, particularly in dysarthrias with other perceptually

435

dominant speech deviations.

436
437

Acoustic assessment of hypernasality

438

In the present study we applied an acoustic method designed for the objective evaluation

439

of velopharyngeal insufficiency, to determine the presence and nature of velopharyngeal

440

incompetence in PD and HD. This methodology has been previously found to be superior to

441

other acoustic measure of hypernasality (Vogel et al. 2009), and later successfully applied to

442

patients with Friedreich ataxia resulting in velopharyngeal incompetence (Poole et al. 2015).

443

Based upon an acoustic model of the vowel /i/ published by Stevens (2000) and

444

recommendations presented by Kent et al. (1999), we designed the EFn parameter to describe the

445

presence of nasal resonance in speech due to properties of the nasal cavity present in the 1 kHz

446

1/3-octave band (Kataoka et al. 1996; Stevens 2000). This assumption is valid for all vowels;

447

nevertheless the wide plateau between F1 and F2 frequencies in the vowel /i/ makes the presence

448

of nasal resonance more pronounced (Kataoka et al. 1996; Stevens 2000). Compared to controls,

449

the parameter EFn mean showed significantly increased energy in HD patients, suggesting an

450

abnormal presence of hypernasality in HD patients. Furthermore, using the parameter EFn SD, we

451

revealed significant differences in fluctuations of nasality between HD and control speakers,

452

suggesting intermittent hypernasality in HD patients. The parameter EFn trend was found to be
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unreliable, as it demonstrated no significant differences between groups and low test-retest

454

reliability.

455
456

Limitations of the current study

457

We did not perform aerodynamic measurements, which would provide direct information

458

about nasal airflow. Nevertheless, a previous study by Vogel et al. (2009) provided exhaustive

459

evaluation of the 1/3-octave method and other studies have successfully applied this method to

460

hypernasality assessment (Kataoka et al. 1996; Lee et al. 2003; Poole et al. 2015; Yoshida et al.

461

2000). The advantage of the current approach is that it provides an easy-to-administer acoustic

462

assessment, which would be possible to integrate into a larger battery of acoustic tests.

463

It is noteworthy that the choice of the vowel /i/ may serve to maximize the impact of

464

nasality or at least the likelihood of an acoustic model finding nasality. Thus, previous research

465

on nasality in children used not only the optimal /i/ but a greater variety of speech material

466

(Vogel et al. 2009). Therefore, the higher incidence of hypernasality, particularly in HD patients,

467

due to a maximized impact of nasality cannot be excluded. Conversely, the results of perceptual

468

tests suggest an even greater level of nasality across our participants than we were able to capture

469

using acoustic assessment, indicating that level of nasality assessed using the 1/3-octave spectra

470

method was not necessarily overestimated. Furthermore, the effect of maximizing nasality may

471

be beneficial due to the fact that it emphasizes the presence of hypernasality among other

472

dysarthria manifestations.

473

One limitation is that we used different speech tasks for the perceptual and acoustic

474

evaluation of hypernasality, as accurate perceptual evaluation of hypernasality from sustained

475

vowel phonation is not feasible. Indeed, the different speech tasks used likely make correlation
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analyses between perceptual and acoustic variables problematic. In future studies, it may

477

therefore be beneficial to include rating for consistency, as with the Consensus Auditory

478

Perceptual Evaluation of Voice (Kempster et al. 2009).

479

We did not test the consistency and reliability of UPDRS and UHDRS metrics.

480

Nevertheless, relationships between nasality and motor abnormalities were found only for the

481

UHDRS chorea subscore, which showed high inter-rater reliability with an ICC of 0.82

482

(Huntington-Study-Group 1996).

483

As the presence of chorea in HD is unlikely to be limited only to specific parts of the

484

vocal tract such as the soft palate, we cannot exclude that EFn SD is also, to a certain extent,

485

influenced by other manifestations of chorea, particularly laryngeal chorea (Rusz et al. 2013).

486

As HD generally has an earlier onset than PD, the PD and HD participant groups could

487

not be age-matched. Therefore, we matched the age of the control group to the age of generally

488

older PD group, as nasality is expected to remain stable throughout life or may slightly

489

deteriorate as a consequence of aging (Hoit et al. 1994; Ramig & Ringel 1983). This approach

490

ensures that the results of the PD group were not favored in comparison with the HC group.

491

Moreover, we did not match our groups according to gender. Nevertheless, previous studies did

492

not find differences in nasality between male and female speakers (Joos et al. 2006; Litzaw &

493

Dalston 1992).

494
495

Conclusion

496

Perceptual and acoustic data presented in the current study provide evidence of

497

significantly increased and intermittent hypernasality in HD patients, presumably due to

498

choreatic movements of the velopharyngeal mechanism. Although the presence of hypernasality
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was also observed in several PD speakers, abnormal nasality is not a prominent feature of

500

hypokinetic dysarthria. However, further research is warranted. The relationships between

501

proposed acoustic metrics and aerodynamic measurements for evaluation of hypernasality in

502

dysarthrias should be explored. Future longitudinal studies are needed to confirm and further

503

elaborate our findings and to show reliability of hypernasality measures as a possible marker of

504

disease progression in basal ganglia disorders. Last but not least, as hypernasality is a prominent

505

sign in several dysarthria subtypes (Duffy 2013), sensitivity of methods proposed in the present

506

study should be verified across various neurological disorders and measure of hypernasality may

507

be useful in characterization of progressive neurological disorders as well as may have potential

508

to provide important clues about the pathophysiology of underlying disease.

509
510
511
512
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Figures

630
631

Fig.1. Principle of acoustic analysis based on 1/3-octave spectra assessment presented in

632

(Couvreour 1998).

633
634
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Fig.2. Percentage occurrence of hypernasality across participants according to the four grades

636

perceptual score (0 = no, 1 = mild, 2 = moderate, 3 = severe) based on GOS.SP.ASS.’98 (Sell et

637

al. 1999).

638
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Fig.3. Measured average values of 1/3octave spectra for 75–4000 Hz bands with error bars

640

indicating standard deviation for PD, HD and HC groups.

641
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Fig.4. Percentage of participants marked as hypernasal using A) EFn mean, B) EFn SD and C)

643

overall perceptual rating.

644
645
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Tables

647
648

Table 1. Results of hypernasality measures including mean and SD values for EFn mean, EFn SD

649

and EFn trend parameters across PD, HD and HC groups as well as results of ANOVA including

650

F, p, and η2 values. Based upon post-hoc Bonferroni comparisons, an asterisk (*) indicates

651

statistically significant differences between HD and HC groups at the p < 0.001 level of

652

significance.

653

Measurement
EFn mean [dB]
EFn SD [dB]
EFn trend [dB/s]

PD
Mean
-38.93
2.17
-4.784

HD
SD
4.37
0.64
18.58

Mean
-34.85
4.29
-2.22

HC
SD
4.59
2.17
82.32

Mean
-39.10
2.03
-3.68
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ANOVA
SD
3.06
0.44
17.76

F(2,108)
11.82
59.08
0.21

p
p < 0.001*
p < 0.001*
p = 0.81

η2
0.179
0.382
0.000
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Table 2. Results of correlations between acoustical and perceptual measures of hypernasality

657

and clinical manifestations of PD and HD groups.

r (p)

EFn mean

EFn SD

EFn trend

Perceptual
assessment

UPDRS III
UPDRS III speech item 18
UPDRS III bradykinesia subscore
Disease duration

-0.10 (0.56)
-0.06 (0.75)
-0.11 (0.50)
0.20 (0.24)

0.14 (0.41)
0.26 (0.12)
0.15 (0.36)
-0.32 (0.06)

0.04 (0.83)
0.23 (0.18)
0.08 (0.62)
-0.16 (0.34)

-0.06 (0.74)
0.27 (0.11)
-0.05 (0.75)
-0.06 (0.72)

-0.01 (0.96)
-0.09 (0.59)
0.27 (0.12)
0.09 (0.60)

0.39 (0.02)
0.46 (0.01)
0.42 (0.01)
0.28 (0.10)

0.23 (0.19)
-0.07 (0.70)
0.05 (0.76)
0.00 (0.99)

0.37 (0.03)
0.16 (0.35)
0.08 (0.63)
-0.05 (0.80)

PD

HD
UHDRS
UHDRS speech item
UHDRS chorea subscore
Disease duration
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