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Abstract: This study investigated vocal-fold contact
characteristics through electroglottography (EGG)
and related them to vibratory behavior as seen
through high-speed videoendoscopy (HSV). When
the EGG cycle was broken down into phases, the
contacting phase represented an increasing
percentage of the whole cycle as the EGG signal
moved through three registers (pulse, modal, and
falsetto). Conversely, the decontacting phase
corresponded to a decreasing percentage of the EGG
cycle as it moved through the same registers.
Furthermore, comparisons of the HSV images and
the EGG signal indicated close relationships between
specific EGG features and the onset of contact of the
vocal folds, maximal contact between the vocal folds,
and maximal loss of contact between mucus bridges.
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[. INTRODUCTION

Electroglottography (EGG), a valuable tool for both
voice researchers and clinicians, is sensitive to changes
in vocal-fold contact area during phonation. Clinical
observation and the application of various physical and
mathematical models have been used to identify
important EGG signal landmarks and relate changes in
signal morphology to specific aspects of laryngeal
physiology. The continued refinement and applicability
of high-speed videoendoscopy (HSV) allows for the
synchronization of the EGG signal with endoscopic
images of the vocal folds.

The purpose of this study is to investigate variations
of specific EGG features and relate them to HSV-
observed changes in vibratory behavior. To this end, the
following research questions are addressed: (1) Are
the objective measures of fundamental frequency (Fo)
consistent with the elicited samples across three
registers (pulse, modal, falsetto)? (2) To what degree do
five established EGG landmark features (Fig. 1) [1]
vary as related to objective measures? (3) What are the
relationships between the EGG markers and the
physiology of the vocal fold movement as visible
through HSV and digital kymography (DKG)?

II. METHODS

Human Data: Fourteen vocally-normal speakers
(7 men and 7 women, between 22 and 29 years of age)
were recorded using precisely-synchronized (<11 ps)
HSV (16,000 fps) with EGG (96,000 Hz) as they
produced one or more trials of the vowel /i/ sustained in
three different registers: pulse, modal, and falsetto [2].
After the data was collected, each HSV trial recording
was reviewed by 2 experts who selected three 1,000-
frame segments extracted from the whole recording,
producing 3 smaller samples. One pulse register trial
was excluded due to significant supraglottic
compression which precluded visualization of the true
vocal folds. The dataset included 72 modal register
samples, 42 pulse register samples, and 45 falsetto
samples. All 159 samples were used in answering the
first two research questions; however, for the third
research question, the data set was narrowed to allow
for adequate analysis of the large amount of data. Only
the middle of each three samples was analyzed for each
trial, producing 24 modal register samples, 14 pulse
register samples, and 15 falsetto register samples, a total
of 53 samples.

Analysis: Using custom-designed software with a
specialized graphic user interface, the EGG signals
were visually aligned with DKGs taken at 5 equally-
spaced locations along the anterior-posterior axis of the
vocal folds (Fig.2). Based on contemporary EGG
models [1,4], 5 EGG landmark features were identified
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Fig. 1: Model Waveform of the EGG. a) Red
marker; b) Green marker (estimated); c) Purple
marker; d) Blue marker; e) Yellow marker.
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Fig. 2: EGG and DKG visually aligned for color-
coded tagging.

and coded with a unique colored marker: (1) intra-cycle
onset of contact during the increasing-contact
(contacting) phase (red marker); (2) maximum of the
derivative/velocity during the contacting phase (green
marker); (3) intra-cycle EGG maximum or maximum
contact (purple marker), (4) EGG “knee” formed during
the decreasing-contact (decontacting) phase (blue
marker); and (5) intra-cycle offset of contact during the
decontacting phase (yellow marker). Using the custom
software, each EGG sample was manually tagged for
the 5 landmark features using this color coding system
(Fig. 1) and a consensus of the markings was
established.

Once the EGG signals were tagged, the time stamps
of all markers for each of the 5 color sets were imported
into a custom Matlab script. First, the time stamps were
converted into vectors of period measurements
corresponding to each different feature (color) in every
EGG sample. Based on period information, mean
frequencies and first-order perturbation functions were
computed for each feature and sample to determine the
most stable EGG feature.

The 5 EGG feature markers were then exported to
another custom-designed software with a specialized
graphic user interface, which allowed concurrent
visualization and playback of HSV and DKG, with the
colored EGG feature markers overlaid in both the HSV
and DKG (Fig. 3). User-controlled interface allowed
playback of either: HSV frames dynamically-linked to a
time stamp on the DKG display or DKG frames
dynamically-linked to the corresponding anterior-
posterior line. Using each frame as the base measuring
unit, each of the 5 EGG feature markers were measured
relative to the following 4 HSV landmark features:
(1) first contact of the vocal folds, (2) maximum contact
of the vocal folds, (3) complete loss of contact between
the vocal folds, and (4) complete loss of contact of any
mucus bridges.

III. RESULTS

Consistency of Fo with registers.

Analysis of the acoustic signal determined that the Fo
for the modal and falsetto registers fell within normal
limits [2] for the elicited register. Moreover, the modal
registers and falsetto registers did not overlap within or
across sexes (Table 1). The Fo could not be calculated
for the pulse register phonations based on the acoustic
signal due to the aperiodicity of the samples; therefore,
the mean frequency for each sample was computed
based on the EGG signal. Several of the pulse register
samples had higher frequencies than expected [2].
Closer visual inspection of the DKG for these samples
revealed multiple pulses for an individual glottal cycle.
Since the EGG signal tracks the change in contact
between the vocal folds, it would naturally be sensitive
to these multiple pulses. After excluding the markers
corresponding to the repeated pulses within a glottal
cycle as determined from DKG, the frequency of the
glottal cycle fell within normal limits for the pulse
register [3,5].
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Fig. 3: HSV and DKG visually aligned with EGG markers for concurrent playback.



Table 1: Fo (Hz) of habitual and falsetto registers.

Register Range Male Range | Female Range
Modal 90.02 Hz - 90.02 Hz - 152.29 Hz -
269.05 Hz 164.45 Hz 269.05 Hz
Falsetto 300.5 Hz - 300.05 - 41159 Hz -
1041.71 496.04 Hz 1041.71 Hz

One trial (and its subsequent three samples) had a
higher frequency of EGG cycles than expected for the
pulse register which could not be explained by double
or multiple pulses. Listener judgment found this trial
consistent with pulse register phonation, and visually
the open phase of the cycle represents less than 25% of
the entire cycle. It is reasonable to assume that despite
the high frequency, this trial met the characteristics of
pulse register, and thus, the sample should be
considered in the remaining portions of the study. It is
likely that this sample contained elements of both pulse
and modal register as described by Hollien, Girard, and
Coleman [3].

Measuring variation of five EGG landmark features.

Across registers perturbation values reveal significant
trends, specifically the large degree of perturbation
within the pulse register compared to the modal and
falsetto registers. Table2 records the range of
perturbation for each register. It is likely that the higher
perturbation levels within the pulse register were related
to the overall aperiodicity expected for the register and
the presence of the double and multiple pulse
phenomena within the register, given that the secondary
or tertiary pulses are significantly shorter than the initial
pulse of the vibratory cycle. It was not surprising that
the modal register demonstrated the least amount of
perturbation due to its periodicity (relative to the pulse
register) and consistent contact (relative to the falsetto
register).

Significant variability was noted within samples and
across registers. Table 3 reports the extent of the
variability of perturbation for each of the 5 EGG
landmark features. For all markers variability was noted
within the 1,000-frame samples, as demonstrated by not
only the high mean of perturbation values, but also the
differences between the mean and median values
(indicating the presence of outliers within the data). The
most variant marker was the yellow marker, whereas

Table 2: Breakdown of relative perturbation range
(%) for each register.

Phonatory Behavior Mean (%) Median (%)
Pulse 17.91 - 19.95 8.65-11.17
Modal 0.78 - 3.38 0.50 — 3.04
Falsetto 5.98 -7.19 2.75-7.13

Table 3: Mean (median) values of relative
perturbation (%) for each EGG landmark feature.

Phonatory Red Green Purple Blue Yellow
Behavior | Marker | Marker | Marker | Marker | Marker
Pulse 19.54 19.31 19.95 17.91 19.64
(8.65) 8.97) (11.17) (9.71) (10.61)
Modal .82 .78 1.74 2.77 3.38
(.65) (.50) (149 | @57 | (.04
Falsetto 5.98 6.81 6.30 7.19 6.49
(4.38) (2.75) (3.713) (7.13) (5.67)
q 5.94 6.12 6.61 7.02 7.47
Combined | 1) | (g3 | @34 | Gan | 6wy

the marker with the least overall perturbation was the
green marker. Based on these results, the green marker
was considered to be the most stable feature. Thus, a
glottal cycle was defined as the distance between
consecutive green markers.

Since the green marker was established as the most
consistent feature, the intra-cycle ratios of the glottal
cycle were calculated in percent relative to the green
marker. By doing this, the EGG landmark features
naturally break the EGG signal into 5 phases:

Phase 1: Red-Green—time between the red and green
markers (onset of contact and the point of maximum velocity
during the closing phase).

Phase 2: Green-Purple—time between the green and purple
markers (point of maximum velocity during the closing phase
and the point of maximum contact between the vocal folds).
Phase 3: Purple-Blue—time between the purple and blue
markers (point of maximum contact between the vocal folds
to the EGG “Knee”).

Phase 4: Blue-Yellow—time between the blue and yellow
markers (EGG “Knee” and the offset of contact between the
vocal folds).

Phase 5: Yellow-Red—time between the yellow and red
markers (offset of contact between the vocal folds and the
onset of contact between the vocal folds.)

Table 4 summarizes the percentage to which each of
these phases comprise the entire glottal cycle. The
results indicate that, although Phase 1 comprises the
smallest percentage of the entire glottal cycle for every
register, there are visible trends between registers.
Specifically, the pulse register has the shortest Phase 1
(relative to the overall glottal cycle), followed by the
modal register, whereas Phase 1 comprises slightly
more of the overall glottal cycle in the falsetto register.
This trend continues for Phase 2, so that the time
between the onset of contact and the point at which
maximum contact is achieved becomes a greater part of
the overall glottal cycle as the subject’s phonation
moves through the registers.

Phases 3 and 4 could be grouped together to represent
the time in which the vocal folds are losing contact.
When viewed this way, clear trends relative to the
register are again visible. The combination of Phases 3
and 4 represent approximately 61% of the entire glottal



Table 4: Means of the intra-cycle ratios (%) for the
5 EGG phases relative to the green marker.

Cycle Phase All Pulse | Modal [ Falsetto
M Registers Register Register Register

Phase 1:
e 3.85% 1.69% | 297% | 6.68%
Phase 2: 9.49% | 498% | 7.41% | 15.74%
Green-Purple
Phase 3: 3337% | 4651% | 34.14% | 23.76%
Purple-Blue
Phase 4: o . D .
Bl oy | 1397% | 1487% | 1275% | 15.39%
Phase 5:
Yellom Red 3932% | 31.94% | 42.73% | 38.43%

cycle within the pulse register, whereas the two phases
make up approximately 46% of the cycle for the modal
register, and approximately 37% for falsetto. These
findings are consistent with our understanding of the
physiology of the vocal folds and the degree of contact
expected for each of the registers [2-4].

Interestingly, Phase 5 does not follow the expected
trend for the registers. It would be reasonable to assume
that if the yellow marker represents the offset of
contact, and the red marker represents the onset of
contact of the next cycle, then there should be
maximum loss of contact between the vocal folds
during Phase 5. It would also be reasonable to assume
that since falsetto is thought to have the least amount of
contact for the entire cycle then Phase 5 should
represent the largest percentage of the entire glottal
cycle. However, Phase 5 represents a greater portion of
the cycle in modal register than in falsetto.

Relationship between EGG markers and HSV

Results indicate there is a strong relationship between
the red and green markers (which generally fell within
100 ps of each other) and the onset of contact between
the vocal folds. There also appears to be a strong
relationship between the purple marker and maximum
contact of the vocal folds. The blue marker was
calculated relative to both the maximum contact and the
offset of contact between the vocal folds, and results
indicate it is more closely related to the offset of contact
of the vocal folds than the maximum contact between
the vocal folds. Generally the blue marker was placed
before the loss of contact of the vocal folds; however,
occasionally the blue marker was placed at the loss of
contact when a mucus bridge was present. The yellow
marker is strongly related to the offset of contact
between the vocal folds or the offset of contact between
mucus bridges if present.

IV. DISCUSSION

Results of this study indicate that EGG signal does
directly relate to the changing contact between the vocal

folds. When broken down into phases, the contact
phases (Phases 1-2: Red-Purple Marker) constitute the
smallest percentage of the cycle in pulse register, a
slightly larger percentage of the cycle in modal register,
and an even greater percentage of the cycle in falsetto.
Conversely, the loss of contact phases (Phases 3-4:
Purple-Yellow Marker) constitutes the smallest
percentage of the falsetto register cycle, a larger
percentage of the modal register cycle, and the largest
percentage of the pulse register cycle. These findings
are consistent with current literature on the physiology
of the vocal-fold vibration in various registers [2-5].

Comparison of the EGG signal and HSV recordings
reveal that the EGG markers do closely align with the
onset of contact, the point of maximum contact, and the
offset of contact between mucus bridges. Also, the blue
marker was found to be more closely related to loss of
contact between the vocal folds—sometimes appearing at
the point of loss of contact. Additionally, mucus bridges
play a significant role in the morphology of the EGG
signal at the offset of contact.

V. CONCLUSION

This study is unique in terms of the method’s
accuracy and the direct linkage of an indirect measure
of vocal-fold contact through EGG, to visual
physiologic measures of vocal-fold contact through
HSV. The results cross-validate several EGG features
and pose new questions about others, especially the
EGG knee appearing during the opening phase.

ACKNOWLEDGMENTS

Research funded by NIH RO1 grant DC007640:
“Efficacy of Laryngeal High-Speed Videoendoscopy”.
Special thanks to Dr. Heather Bonilha for her assistance
with data collection.

REFERENCES

[1] Baken RJ, Orlikoff RF. Clinical Measurement of
Speech and Voice. 2™ ed. San Diego: Singular
Publishing Group; 2000.

[2] Hollien H. On vocal registers. J Phonetics 1974;
2:125-143.

[3] Hollien H, Girard GT, Coleman RF. Vocal fold
vibratory patterns of pulse register phonation. Folia
Phoniatr 1977;29(3):200-205.

[4] Titze IR. Interpretation of the electroglottographic
signal. J Voice 1990;4(1):1-9.

[5] Whitehead RL, Metz DE, Whitehead BH. Vibratory
patterns of the vocal folds during pulse register
phonation. J Accoust Soc Am 1984;75(4):1293-1297.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


