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Abstract  

Maintaining vocal stability while shifting between the vocal registers of chest and mixed 

voice is a challenging task for classically trained singers. Several researchers have completed 

studies of the register transitions by classically trained singers. The purpose of this study was to 

better understand the acoustic and physiologic correlates of the vocal tract and larynx activities 

during a register transition on a single note sung by classically trained female singers. In 

particular, this study included evaluation of the Fast Fourier Transform (FFT) from the audio 

signal data and the EGG cycles around a register transition during singing in the chest and mixed 

registers. Sixteen classically trained female singers were recorded singing an /a/ vowel on a  

suspended single pitch within their register transition as determined from a previous recording 

that included the primo passaggio. The microphone signal from the singing sample was used to 

find measurements of harmonic amplitude, and electroglottograph (EGG) electrodes were placed 

on the thyroid to measure closing quotient (CQEGG) data. The dependent variables were the 

CQEGG and the FFT amplitude measurements for the first five harmonics. Results indicated that 

the participants demonstrated significantly higher CQEGG in the chest register than mixed register 

and the singers reduced their harmonic amplitudes during the register transition from chest to 

mixed register.  
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Primo Passaggio Transition on a Single Note by 

Trained Female Classical Singers 

The concept of singing registers has generated much debate in voice research. In an 

untrained voice, register transitions are perceptually apparent to a listener as disruptions in 

loudness and/or pitch. In contrast, a smooth passaggio, or transition between registers, is a 

fundamental aspect of a trained singing voice (Bunch, 1997). Singing with smooth register 

transitions is an important skill for classically trained female singers who often sing music that 

requires such register transitions (Sundberg & Kullberg, 1999).  

Titze (1994) identified the perceptual disruptions that occur during a register transition as 

quantal effects, or sudden changes, in voice quality. He stated that physiologic and acoustic 

variables would change gradually, but at the frequencies in the region of the register transition, 

these variables would interact to create a dramatic shift in the variables and the voice. For 

example, Hill (1986) said that airflow and subglottic pressure increase with fundamental 

frequency until a register boundary is reached - at which point airflow and subglottic pressure 

decrease. The perception of quantal shifts in voice quality that occur at the register transition can 

be reduced by adjustments in glottal source activity and vocal tract resonance (D. Miller, 2000).  

 The primary characteristic of a sung register transition, or passaggio, is the shift of glottal 

source activity between the vibratory patterns, which are used in chest and head voice (McCoy, 

2004; D. Miller, 2000). The first register transition occurs in the range between C4 and F4, the 

range for the primo passaggio in females and the secondo passaggio in males; thus it occurs 

among all singers. Titze (1985) describes that the fundamental frequency of the passaggio is 

determined by the first subglottal resonance frequency. This subglottal resonance occurs between 
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260 Hz to 350 Hz; or the C4 to F4 range, the same range as the primo passaggio (McCoy, 2004; 

Titze, 1994).  

D. Miller and Schutte (2005) and McCoy (2004) used spectral analysis to acoustically 

assess registration differences between the chest and head voices. They reported that chest 

register singing had greater acoustic energy in the high frequency components compared to head 

register singing, thus supplying the chest register voice with a richer sound. The high frequency 

components were not specified. Spectral changes between these registers occur because of 

adjustments in the shape of the vocal tract that allow the singer to modify or tune the formant 

frequencies of vowels to the acoustic energy of the harmonics. These authors also stated that 

when the first formant (F1) of a vowel is tuned to a harmonic, that harmonic has the greatest 

acoustic energy in the spectrum. In addition, D. Miller (2000) stated that females can tune the 

second formant to the fourth harmonic in the mixed register in order to strongly resonate the 

fourth harmonic. However, Henrich (2006) dismissed vocal tract adjustments as unreasonable 

phenomena for transitions between registers, particularly in the transition to the head register 

noting that her participant singer did not use resonance tuning consistently. It should be noted 

that Henrich had only one classically trained singer participate in her study. In contrast, D. Miller 

(2000) stated that vocal tract adjustments provide the most effective means for smoothing the 

female singer’s primo passaggio.  

R. Miller (1996) stated that a mixed voice register exists between the chest and head 

registers in the singing voice. D. Miller (2000) reported that the mixed voice register is 

characterized by a glottal source pattern similar to that of the head voice, but with different vocal 

tract adjustments. Female singers employ the mixed register when singing notes where register 

breaks may occur (Herbst, 2014). The authors of several studies indicate that the mixed register 
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differs from the chest register by a smaller closing quotient, a more dominant fundamental 

frequency, and reduced voice amplitude (D. Miller & Schutte, 2005; Sundberg & Kullberg, 

1999; Švec, Sundberg, & Hertegård, 2008).   

Although previous researchers such as D. Miller and Schutte (2005) and McCoy (2004) 

reported on complex adjustments needed to create the smooth register transitions heard in the 

trained female singing voice, these reports have represented only one or two singers. In addition, 

little is known of the pattern of acquiring these skills. Therefore, data are needed from larger 

samples of singers and on the registration transition skills exhibited by female singers at different 

levels of training. The passaggio between the chest and mixed registers can be sung as part of a 

scale or triad. Additionally, as a vocalize, it can be done on a single note as singers generally 

have a small range of notes that can be sung in either register (McCoy, 2004; D. Miller & 

Schutte, 2005) 

The purpose of the present study was to examine the physiologic and acoustic 

adjustments used by trained female singers to transition across the primo passaggio when 

sustaining a single note that each could sing in both chest and mixed registers. D. Miller and 

Schutte (2005) reported one professional singer who exhibited the shift in EGG closing quotient 

at the transition between the chest and mixed registers and one who did not. Using the data 

reported by McCoy (2004) and D. Miller and Schutte (2005) it was hypothesized that the female 

subjects of this study would use the falsetto vibratory pattern in the mixed register. Thus, there 

would be no training effect in EGG closing quotient during their primo passaggio. Based on 

previous studies it was hypothesized that female singers would exhibit formant tuning by shifting 

the dominant harmonic from the second harmonic in chest voice to the fourth harmonic in mixed 

voice while exhibiting a reduction in average vocal amplitude of the vowel.  
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METHOD 

Subjects 

Fifteen female singers participated in the study. They were part of a pool of singers who 

participated in a larger study on the female passaggio. This study included five undergraduate 

vocal performance majors, five graduate vocal performance majors, and five professional 

singers. All the students had auditioned into a nationally top ranked university vocal performance 

program. None of the subjects reported any history of voice problems such as vocal nodules or 

any other disorders that might affect their vocal mechanism. They all reported that they were free 

of upper respiratory infections on the day of participating. Two investigators confirmed that all 

participants exhibited normal vocal resonance and no signs of any health issue that might have 

affected their singing.  

Procedures 

At the start of the experiment each subject completed an informed consent form and 

questionnaire approved by the Florida State University Institutional Review Board. Every 

participant came to the session already warmed up and after completing the forms the 

experimental protocol began. Each subject was individually recorded.   

Each subject stood with the corner of her mouth 30 cm from an omnidirectional 

condenser microphone (AudioTechnica 3032) that was at a 45 degree angle as directed by the 

experimenter.  An elastic and Velcro strap held a pair of electroglottograph (EGG) electrodes 

(VoceVista 7050A) in position over the subject’s thyroid laminae. These two signals were 

directed to a PC computer that digitized both audio and EGG signals at a rate of 22,050 samples 

per second. The audio signal was directed to the software’s first channel and the EGG output was 
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sent to the second channel of the VoceVista Pro (version 3.2) software. The signals were 

converted to .wav files that were stored on a PC computer.  

The subject sang an upward and downward octave scale and a two-octave glide 

encompassing the subject’s chest to mixed register transition. The pitches from A#3 to D#4, or 

230 to 310 Hz were chosen for the exercise, depending on the particular subject’s transition 

range and self reported voice type. Each participant was presented a starting pitch and was 

directed to sustain an /a/ vowel on the note for six to eight seconds. The subject began singing 

the note in her chest register, after three or four seconds an investigator with qualifications in 

pedagogy science experience directed her to continue the note in her mixed register. After the 

attempt, both the singer and investigator needed to agree that the first half of the sung note was 

clearly sung in chest register and the second half was clearly sung in mixed register.  

At a later session, each file was opened and the location of the register transition selected 

for measurement using the EGG display and the sound of the voice. The measurements were 

taken from the 10 glottal cycles prior to and the 10 glottal cycles after the register transition. 

Measurements were made at the vibrato peaks and vibrato troughs that occurred during the 

glottal cycles. The EGG measurements were made using a MatLab algorithm developed to 

extract the CQEGG from the EGG and audio signals (Bernadin, Morris, Okerlund, Ellerbe, & 

Kessala, 2015). These data were recorded in a spreadsheet. Then the audio channel was opened 

using the Praat software (www.praat.org version 6.0.14, Boersma & Weenik) to depict an FFT 

spectrum. This display was used to determine the amplitude of the first five harmonics in the 

FFT spectrum at each measurement time.  

 

 

http://www.praat.org/
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Analysis 

 The data were analyzed using a repeated measure ANOVA. The vibrato positions and 

vocal registers were compared for each of the dependent variables. Since the CQEGG data were 

percentages, they were transformed using an arcsine transformation. 

RESULTS 

The EGG signals from three of the singers could not be used for the CQEGG 

measurements, so the data from those singers was discarded. As can be seen in Figure 1 the 

singers maintained relatively consistent CQEGG levels in each of the registers with a clear shift at 

the transition from modal to mixed register on the single note. In general, the vibrato peaks were 

produced using higher CQEGG values than the troughs. The statistical analyses indicated that the 

CQEGG measurements did not vary across the cycles (F (4.381, 43.812) =1.533, p=.206). As can 

be seen in Figure 2, the singers used significantly higher CQEGG in the modal register (F (1, 10) 

=6.249, p=.031, さ2
p=.385) and at the peak of the vibrato cycle (F(1, 10)=10.074, p=.010, 

さ2
p=.477).  
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Figure 1. Mean CQEGG levels at each measurement time at the vibrato peaks and troughs in 
both registers. 
 
 

 
  

Figure 2.  Mean CQEGG levels and standard deviations at the vibrato peaks and troughs in each 
register. 
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The FFT results indicate that the singers reduced the amplitudes of their harmonics when 

making the register transition. However, variability among the singers kept the amplitude 

reduction in the mixed register from achieving statistical significance. Figure 3 reveals that only 

H1 did not display an amplitude reduction in the mixed register. H3 was the prominent harmonic 

in both registers as shown by it having the greatest relative amplitude, H2 had the next strongest 

amplitude and H5 had the weakest amplitude. However, the repeated measure ANOVA indicated 

no significant differences between the registers for any of the harmonics: H1 (F(3.477, 

38.245)=1.131, p=.353), H2 (F(3.477, 38.245)=1.131, p=.353), H3 (F(3.055, 33.601)=1.768, 

p=.171), H4 (F(3.477, 38.245)=1.131, p=.353), or H5 (F(3.182, 41.362)=1.793, p=.161). The 

mean differences shown in Figure 3 may have been insufficient to overcome the differences 

between the singers across the cycles as shown in Figure 4. 

 

 
Figure 3. Relative amplitudes of the first five harmonics from the FFT taken at each vibrato 
peak and trough before and after the register transition. 
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Figure 4. Mean relative amplitudes for the first five harmonics and their standard deviations for 
the vibrato peaks and troughs in both registers. 
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registers during a sustained vowel on a single note. In addition, the vibrato peaks generally were 

sung with higher CQEGG values than the troughs in both registers. Throughout both registers the 

CQEGG did not significantly vary across the cycles. Thus, the singers exhibited stable laryngeal 

activities within each register and made a single adjustment during the shift from modal to mixed 

register.  

As hypothesized, the singers reduced the amplitude of their voices when they shifted 

from modal to mixed register. This softer voice in the mixed register is consistent with previous 

findings (D. Miller & Schutte, 2005; Sundberg & Kullberg, 1999; Švec, Sundberg, & Hertegård, 

2008). Since voice amplitude is associated with subglottic pressure (Titze, 1988), this finding 

indicates that the singers may have reduced their respiratory drive as part of the register 

transition. A combined respiratory and phonatory adjustment would be expected of a trained 

singer. However, the specific mechanism for the voice amplitude reduction during the transition 

from modal to mixed register needs to be evaluated in a future study. 

The FFT results indicate that the singers reduced their harmonic amplitudes (dB) during 

the register transition. In both registers H3 was the prominent harmonic having the greatest 

relative amplitude followed by H2. Similar to the CQEGG results, within each register there were 

no significant differences in amplitude of harmonics across the cycles. The results were 

supported by authors of several studies indicating that the mixed register differs from the chest 

register by a smaller closing quotient and reduced voice amplitude (D. Miller & Schutte, 2005; 

Sundberg & Kullberg, 1999; Švec, Sundberg, & Hertegård, 2008).  However, the previous 

authors reported a more dominant fundamental frequency in the mixed register and the current 

findings indicate no change in H1 between the two registers (See Figure 4). The difference 

between H3 and H1 was less in the mixed register, but H3 still had 6 dB greater amplitude. 
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Contrary to the initial hypothesis, the participants did not exhibit formant tuning across the 

register transition. The prominent harmonic in both registers was H3 and the subjects did not 

make vocal tract adjustments to shift the dominant harmonic. It may be that the singing gesture 

required of them differed from their typical singing activities in a way that had them making the 

making respiratory and phonatory adjustments but not resonance ones.   

CONCLUSIONS  

The goal of the experiment was to better understand the acoustic and physiologic 

measurements that contribute to blending two registers during the primo passaggio transition. 

The patterns of all of the singers’ averaged glottal and vocal tract adjustments through their 

primo passaggio generally followed what was hypothesized for the CQEGG and harmonic 

amplitudes measured at the vibrato peaks and troughs. The results indicated that the acoustic 

measurements of the mixed registers similarly resemble those representative of the head register. 

The CQEGG results indicate that the mixed registers used the falsetto vibratory pattern as 

demonstrated by the higher CQEGG in modal register and at the peak of the cycle. CQEGG and 

harmonic amplitude results will help to identify the specific acoustic and physiologic 

characteristics of the register without assuming the middle register is a combination of head and 

chest (Miller & Schutte, 2005). Some limitations were that the FFT data from two participants 

and the CQEGG data from four of the participants could not be used. In general, a larger sample 

and more stable EGG system would improve our ability to generalize results. To fully 

understand the implications of acoustic and physiologic components working to smooth the 

primo passaggio further research can be done to establish the mixed voice register with a glottal 

source pattern similar to that of the head voice, but with different vocal tract adjustments. In the 

future rather than switching registers on a single note the experiment could involve register 
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transitions that better stimulate singing registers. Suggestions for future research include 

incorporating both male and female singers singing small and large glissandos, small and large 

note intervals, and repertoire that includes singing across passaggi in material of differing vocal 

complexity.  
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