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a  b  s  t  r  a  c  t

Background  and objectives:  Diplophonia  is  a common  symptom  in voice  disorders.  Depending  on  the
underlying  aetiology,  diplophonic  patients  typically  need  treatment  such  as  phonosurgery  or speech
therapy.  In  current  clinical  practice,  the  presence  of  diplophonia  is assessed  by  auditive  rating.  To
avoid  subjectivity  in voice  assessment  and  to  follow  principles  of  evidence  based  medicine,  objective
instrumental  assessment  methods  are  needed.  In order  to  gain  insight  into  instrumental  assessment  of
diplophonic  voice,  comparisons  between  different  assessment  approaches  are  necessary.  The  aim  of  the
study  is to  compare  the  performance  of  two  independent  objective  approaches  on their  ability  to  detect
diplophonia.  The  compared  approaches  are the formerly  published  degree  of  subharmonics  (DSH),  and
a newly  proposed  measure  for spatial  bimodality  of the vocal  fold  vibration.
Material  and methods:  From  a  clinical  database  of 352  laryngeal  high-speed  videos  with  synchronous
audio  recordings,  60 phonation  segments  (20  euphonic,  twenty  diplophonic  and  twenty  non-diplophonic
dysphonic)  were  auditively  selected.  For  all phonation  segments,  the  DSH  and  the  newly  proposed  mea-
sure  for  spatial  bimodality  were  determined.  The  DSH  is  the  occurrence  rate  of  audio  analysis  blocks
with  ambiguous  fundamental  frequency  in percent.  The  bimodality  measure  quantifies  the  spatial  occur-
rence of  secondary  oscillation  frequencies  along  the  vocal folds’  edges.  Both  the DSH and  the  bimodality
measure  are  evaluated  on their  ability  to detect  diplophonia  by means  of  cut  off threshold  classification.
Results  and  conclusions:  The  DSH  showed  excellent  classification  rates  for  separating  diplophonic
from  euphonic  phonation  (sensitivity:  98.4%,  specificity:  100%).  In  separating  diplophonic  from  non-
diplophonic  dysphonic  phonation,  the  bimodality  measure  slightly  outperforms  the DSH  approach
(sensitivity:  54.6%,  specificity:  92.7%).  The  separation  of diplophonia  from  other  kinds  of dysphonia  is
challenging,  and  more  sophisticated  methods  are  needed.  It is  concluded  that  auditive  and  glottal  diplo-
phonia  must  be  distinguished.  As the  clinical  assessment  of diplophonia  primarily  aims at  determining
glottal  conditions,  the video-based  approach  might  deliver  clinically  more  relevant  data  than  the  auditive
approach.

© 2014  Elsevier  Ltd. All  rights  reserved.

Abbreviations: DSH, degree of subharmonics; LHSV, laryngeal high-speed video; STP, spatio-temporal plot; ROC, receiver operating characteristic; AUC, area under the
curve;  NUM, non-unimodality measure.
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1. Introduction

Diplophonia is a common symptom in disordered voice, and
characterized by the simultaneous presence of two separate pitches
in the voice [1]. Depending on the underlying aetiology, diplo-
phonic patients typically need treatment such as phonosurgery or
speech therapy. In order to provide solid indications for treatment
as well as accurate treatment outcome measures, the presence
of diplophonia needs to be detected accurately. In current clini-
cal practice it is assessed by auditive rating, which mostly suffers
from its intrinsic subjectivity. Moreover, the clinical assessment is
subject-global and neglects the time-variant nature of diplophonia.

In voice assessment, several kinds of physical phenomena are
often summarized into the terms “irregularity” [2] or “roughness”
[1]. In fact, there are several subcategories of irregular phonation
(i.e., diplophonia, creak, fry, double pulsing, glottalization, laryn-
gealization, pulse register phonation, squeak), which intersect each
other [3]. By generalizing these phenomena, the accuracy of voice
assessment is reduced. The presented research is based on the
fact that the subcategories of irregular phonation are not solidly
defined. In [4], the authors stated that “variations in scope, purpose,
terminology, measurement technique, and level of description
make it difficult to compare vocal phenomena across disciplines,
or even across studies within a single discipline”, and describe the
need for an update in terminology. Beside the perceptive defini-
tion of diplophonia there is also a definition based on the wave
shape: Diplophonia can be characterized by a period-two up-down
pattern of an arbitrary cyclic parameter (i.e., double pulsing) [5].
As the perceptive definition and the wave shape definition are not
equivalent, the current terminology is questionable.

To overcome these restrictions and to meet principles of evi-
dence based medicine, objective instrumental assessment methods
are needed. Despite great efforts in the development of such meth-
ods [6], their performance is not yet satisfying. In order to get
an insight into instrumental assessment of diplophonic voice, the
aim of the study is to compare the performance of two  indepen-
dent objective approaches on their ability to detect diplophonia.
The compared measures are the formerly published degree of
subharmonics (DSH) [7], and a newly proposed analysis method
for measuring oscillation frequencies from laryngeal high-speed
videos (LHSVs). In the absence of a unified definition and a solid
ground truth of diplophonia, auditive annotations are used as a
baseline categorization in this study, and the instrumental methods
will be analysed on their ability to detect auditive diplophonia.

A useful concept with respect to the definition of diplophonia is
the concept of metacycles. Metacycles arise when two oscillators
are combined, either additively, producing a beat frequency phe-
nomenon, or multiplicatively, where both oscillators modulate the
amplitude and frequencies of each other. Two frequencies in a ratio-
nal ratio are commensurable and produce a metacycle. Its length
is equal to the least common multiple of the oscillators’ individual
period lengths.

However, in addition to this very comprehensive concept of
metacycles, diplophonia must also be analysed from the perspec-
tive of laryngeal dynamics. With respect to asymmetric vocal
fold vibration, several types of diplophonia have been described
[5,8–14], while the vocal folds create two distinct oscillators at
different frequencies. Diplophonia can either arise from left-right
asymmetry [8,9] (i.e., the left and the right vocal fold are vibrating
at different frequencies), anterior–posterior asymmetry [9,10] (i.e.,
the anterior and the posterior part of the vocal folds are vibrat-
ing at different frequencies), or combinations of both [8]. Double
pulsing (i.e., alternating amplitudes or period lengths) [7,9–12]
can arise from slight anterior–posterior asymmetry [10], or from
inferior–superior asymmetry (i.e., vertical modes [15]), which is
not well understood.

The existence of various types of asymmetry in diplophonic
voice motivates the use of LHSVs. Unfortunately the vast amount
of data makes the video analysis complex, time consuming and
expensive. Although the clinical application of LHSVs has been
investigated intensively, it is still limited [16–18]. There is a lack
of clinically relevant interpretation guidelines for LHSVs, thus this
technique needs more investigation, which is addressed in this
study.

There is very little knowledge about the relation of audio record-
ings and LHSVs. From literature, it must have been expected that
diplophonia determined from the audio signal is similar to diplo-
phonia determined from the video. In common sense, one could
expect that the relation between oscillation phenomena and per-
ceptual cues is not straight forward, as psychoacoustic phenomena
are manifold [19,20]. Nevertheless, this distinction has not yet been
described systematically and incorporated in the terminology of
voice research. It will be shown, by comparing the audio-based and
the video-based detection method, that the audio domain and the
video domain must be treated separately. Hence, the term “glot-
tal diplophonia” is introduced. In contrast to auditive diplophonia,
glottal diplophonia is characterized by two distinct oscillation fre-
quencies of the vocal fold edges, as determined from LHSVs. One
possible reason for the divergence between the audio domain and
the video domain, is the possibility of extraglottal sound sources
that provoke the sensation of a secondary pitch.

The idea of quantitatively analysing spatio-temporal plots of
LHSVs (STPs, i.e., phonovibrograms) is not new. For example, in
empirical eigenfunction analysis [9], the plots are decomposed
into spatially orthogonal oscillation modes (i.e., eigenmodes). The
spatial irregularity is measured by summarizing the eigenmodes’
weights in an entropy measure. Although this decomposition is
related to our work, it does not primarily aim at decomposing
separate fundamentals, which limits the applicability for detecting
double pitch phenomena.

Mechanical modelling of vocal fold vibration is accomplished
by optimizing the parameters of a mechanical model with a prede-
fined structure onto the empirical STPs [21]. This approach shows
the potential to extract the mechanical properties of the vocal fold
tissue, which would be a highly desirable goal in voice research.
However, due to the limited possibilities to observe the complex
vocal fold movement (i.e., LHSVs are a two-dimensional projec-
tion of a three-dimensional movement) we accept the fact that the
extraction of all mechanical parameters of the vocal folds is not
possible in the near future. As a realistic research assignment, we
stick to the goal of detecting the presence of diplophonia, without
estimating its underlying tissue dynamics.

Yet another approach for analysing STPs is artificial intelligence
[22]. Although such data driven approaches can achieve good clas-
sification rates, its acceptance in clinical practice is generally low,
mainly because of the black box nature of the prediction rules. It is
important that voice analyses for clinical use are intuitively under-
stood by clinicians. Hence, artificial intelligence is beyond the scope
of this paper.

An approach of decomposing the glottal area waveform or the
audio signal into distinct oscillators, is empirical mode decom-
position [23]. In empirical mode decomposition, time series are
iteratively analysed in order to extract amplitude/frequency modu-
lated signals, which is related to the analysis of coupled oscillators.
Diplophonia is produced by glottal oscillators that are coupled,
either anatomically (i.e., the oscillators modulate each other via
connecting tissue), or aerodynamically (i.e., the oscillators modu-
late each other via a common airflow). Although empirical mode
decomposition seems well suited for detecting coupled oscillators,
the extracted modes are difficult to interpret. In addition, similarly
to empirical eigenfunction analysis, the empirical mode decompo-
sition does not aim at extracting distinct fundamental frequencies.
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