
Registers in Infant Phonation

Eugene H. Buder, Valerie F. McDaniel, Edina R. Bene, Jennifer Ladmirault, and D. Kimbrough Oller, Memphis,
Tennessee

Summary: The primary vocal registers of modal, falsetto, and fry have been studied in adults but not per se in infancy.
The vocal ligament is thought to play a critical role in the modal-falsetto contrast but is still developing during infancy
(Tateya and Tateya, 2015).41 Cover tissues are also implicated in the modal-fry contrast, but the low fundamental fre-
quency (fo) cutoff of 70 Hz, shared between genders, suggests a psychoacoustic basis for the contrast. Buder, Chorna,
Oller, and Robinson (2008)6 used the labels of “loft,” “modal,” and “pulse” for distinct vibratory regimes that appear
to be identifiable based on spectrographic inspection of harmonic structure and auditory judgments in infants, but this
work did not supply acoustic measurements to verify which of these nominally labeled regimes resembled adult reg-
isters. In this report, we identify clear transitions between registers within infant vocalizations and measure these registers
and their transitions for fo and relative harmonic amplitudes (H1-H2). By selectively sampling first-year vocalizations,
this manuscript quantifies acoustic patterns that correspond to vocal fold vibration types not previously cataloged in
infancy. Results support a developmental basis for vocal registers, revealing that a well-developed ligament is not needed
for loft-modal quality shifts as seen in harmonic amplitude measures. Results also reveal that a distinctively pulsatile
register can occur in infants at a much higher fo than expected on psychoacoustic grounds. Overall results are consis-
tent with cover tissues in infancy that are, for vibratory purposes, highly compliant and readily detached.
Key Words: Infant vocal development–Registers–Falsetto–Modal–Vocal fry.

INTRODUCTION

At least three primary registers are agreed to occur in adult pho-
nation, known most widely as modal, falsetto, and fry.1 Modal,
which is most typical, is the default register for speaking and
singing in habitual fundamental frequency (fo) range, corre-
sponding to “chest” voice in singers. Falsetto occurs in higher
fo ranges, corresponding to “head” voice in singers. Vocal fry
occurs in the lowest fo ranges, also being called “creaky,”
“laryngealized,” or “glottalized” voice by linguists who have ob-
served this phonatory contrast to be phonemic in some
languages.2,3 In these contexts, registers are controlled adjust-
ments of phonation and may be assumed as such to be well-
controlled behaviors. However, harmonic and waveform patterns
auditorily resembling falsetto and fry, along with other nonmodal
patterns such as subharmonics, have been observed in infancy4,5

and, in this context, can be regarded as the naturally and spon-
taneously occurring regimes of an inherently nonlinear dynamic
system.6–8

Švec et al9 contrast the spontaneity of natural “bifurcations”
that are to be expected in highly nonlinear dynamic systems such
as phonation with what they characterized as the “prevailing
opinion” (of that time) that a muscular adjustment is required
for register shifts. In a nonlinear dynamic bifurcation, sudden
changes in vibratory regime may occur abruptly as a control pa-
rameter (such as longitudinal vocal fold tension or subglottal

pressure) is smoothly varied. The richness of vibratory regimes
studied by Buder et al6 is consistent with the view that the bi-
furcation principle is operative in infant phonation (although
underlying mechanisms and parameters remain unresolved).

Explication of levels of analysis and associated terminology
can help maintain clear conceptual distinctions between vibra-
tory mechanisms, acoustic outputs, and auditory qualities.
Phonation can be characterized as resulting from interactions
between airflow and vocal fold vibrations. These interactions
typically correspond to clear acoustic effects. Moreover, as voice
scientists also classify vocal outputs based on auditory quali-
ties, the adjective “phonatory” is often applied to that level as
well. Scientific study of adult registers has been conducted at
all three levels but seems to have been rooted primarily in au-
ditory impressions in the context of acoustic and mechanistic
investigations. In the present article, we will also use the term
register as an auditory-acoustic construct intended to inform
understanding of the underlying phonatory mechanisms, and
thus the term “phonation” here is intended to encompass both
vibratory and acoustic phenomena. Along similar lines in our
usage, the term “vocal quality” originates from the auditory
domain with concomitant acoustic markers, pointing toward po-
tentially distinct phonatory mechanisms. “Regimes” refers to
the broadest set of vocal fold vibration possibilities as distin-
guished primarily via inspection of the harmonic structure of
phonatory output.

In the present article, we are most interested in register tran-
sitions as presumably spontaneous phenomena in the phonatory
exploration that characterizes much of vocal development in
the first year of life.10 Although falsetto and fry are the most
widely used terms for nonmodal registers in contemporary lit-
erature, in the context of infant phonatory types, it seems
preferable to return to the terms originally coined by
Hollien11—“loft” and “pulse.” These terms also connote acous-
tic bases more directly and, as such, are relatively agnostic with
respect to underlying mechanisms. These terms also leave open
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the possibility that occurrence of similar phonation types in
infancy are distinct from those used intentionally for perfor-
mance and linguistic purposes.

Although not entirely conclusive, a well-developed litera-
ture on registers in adult phonation has established some
consensus on the underlying mechanisms that distinguish the
primary nonmodal registers. Loft is generally thought to involve
lateralization of the muscular body of the vocal folds and a
decoupling of the cover tissues from the body, yielding a rela-
tively small vertical contact area to participate in vibration.1 The
resulting voice quality is therefore not only higher in fo but also
relatively thin sounding, with a conspicuously higher ampli-
tude of the first harmonic relative to the second and overall greater
spectral slope. Pulse, which is lower in fo than modal but also
with a distinctive “rasping” quality, is generally thought to involve
greater activation of the body with a lax cover,1 and is associ-
ated with reduced airflow and a longer closed time.12

The study of registers in infancy is of particular interest because
of differences between adult and infant vocal fold composi-
tion. Developmental studies of the vocal mechanisms have
reinforced as well as expanded the many ways in which we know
that the infant is not just a smaller version of an adult vocalizer.13

The vocal fold tissues themselves differ substantially in the first
year of life from those of the mature adult, the lamina propria
being relatively undifferentiated and the macula flavae mostly
undeveloped.14 Although this topic has been investigated fairly
systematically in the anatomic and medical literature, reveal-
ing a protracted schedule of tissue differentiation that begins
fetally but extends into adolescence,15–18 there are very few studies
that have analyzed noncry phonation with these tissue mechan-
ics in mind; see, however, Fuamenya et al19 for recent work in
the context of crying.

The cover-tissue difference in infants is particularly relevant
to questions regarding registers; in adults, both loft and pulse
purportedly involve cover-body configurations that are quite dif-
ferent from those used to produce modal. Specifically, cover-
body decoupling in loft phonation is thought to involve the
ligamental nature of the intermediate and deep layers of the lamina
propria. However, the distinctions between these connective layers
are essentially lacking in the cover tissues of infant vocal folds.
Pulse is thought to be associated with a lax cover in adults, yet
the cover is particularly compliant in infancy. A basic theoret-
ical question therefore arises in the search for registers in infant
phonation. Given the presumed roles of cover tissues in loft and
pulse register production, and the known differences in infant
vocal fold cover tissues, do registers occur in infancy, and if they
do, how do they differ from adult registers? This question re-
quires acoustic criteria for the nonmodal registers.

Fo is a direct acoustic correlate of the two nonmodal regis-
ters when produced by mature speakers but does not by itself
distinguish those registers from modal phonation. Infants do not
produce registers on demand, so criteria other than fo are needed.
Buder et al6 identified harmonic spacing patterns consistent with
pulse and loft fo ranges but did not provide independent acous-
tic markers. Physiological register shifts between modal and
falsetto may occur at different fo values depending on the indi-
vidual, often with rather large pitch jumps.9 As pitch may shift

without a concomitant register shift, distinctive vocal quality mea-
surements are needed.

Compared with loft, pulse in adult phonation is more clearly
distinguished from modal by fo alone, transitioning remarkably
at the same value of c. 70 Hz for both men and women.1 Al-
though investigators tend to agree that pulse is produced by a
distinct vibratory mechanism,1 psychoacoustics alone could
explain why 70 Hz is the value at which individual glottal pulses
become audibly distinct.1 For infancy, in which fo values at tran-
sitions to pulse have not previously been determined, and because
salient pitch shifts to pulse have not been reported as they have
for modal-loft transitions, it is again important to consider ad-
ditional acoustic measures in conjunction with fo. A defining
feature of pulse phonation is the critical damping of each glottal
pulse excitation before the next pulse occurs, causing a distinc-
tive waveform shape marked by the appearance of temporal gaps
between glottal pulses.1 This waveform-shape criterion oper-
ates independently of harmonic amplitudes and thus can serve
as an independent feature that may signal pulse register in infancy.

Relative amplitudes of the first two harmonics have been con-
sidered as indicating glottal status in registers, most definitively
for loft.20,21 Relative harmonic amplitude measures, including the
difference between the first and the second harmonics, were in-
troduced in the empirical literature by Hanson22 as a reflection
of the relatively open glottal configuration found in female voices:
first harmonics were higher amplitude relative to the second in
women.22 More recent studies indicate that the amplitudes of the
first two harmonics are sensitive not only to open quotient and
breathiness but also to a variety of phonation types, including
register.23 Examination of the literature, in general, supports the
use of both fo and H1-H2 to distinguish both between modal and
loft and between modal and pulse registers.

Table 1 summarizes previous studies that reported either tran-
sitional fo or representative H1-H2 values for registers in
nondisordered speakers. The literature employing these mea-
sures for studies of register is surprisingly spotty, with no adult
studies having characterized both registers together in terms of
both measures. Although scientists developing theories of voice
production per se are clearly interested in all possible manners
of voice production,1,28 the phenomena of loft and pulse regis-
ters are treated in applied studies as distinct domains: loft (ie,
falsetto) has been of primary interest in singing, and normative
pulse (ie, “creak,” “laryngealization,” or “glotttalization”) has
been investigated as signaling phonemic contrasts, or marking
phrasal boundaries,29 in speech. Speaking and singing are dis-
tinct manners of voice production, so it also makes sense to study
them distinctively.

Although acoustic measures may corroborate distinct regis-
ters in opportunistically observed vocalizations, identification of
registers in such materials may begin with auditory judgments.
Abrupt pitch shifts have been widely observed in infant
phonation,4,5 but not all of them are necessarily associated with
register transitions, so auditory and acoustic classifications of
distinctive qualities across such shifts remain necessary. Simi-
larly, “growl” vocalizations are often marked by low-frequency
pulsing,6,30 but precise comparisons in acoustic terms across tran-
sitions are needed to demonstrate whether and in what ways these
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qualities and apparent registers are categorically distinct. Our
approach emphasizes that within-vocalization register transi-
tions specifically satisfy two scientific concerns raised by
difficulties in observing infant phonatory patterns: (1) listening
across a transition optimizes auditory identification, and (2) some
of the possible physiological variables affecting register shifts
may be held constant across the transition. Under these condi-
tions, significant changes in acoustic quantities optimally support
the premise that registers are driven by distinctive phonatory
mechanisms.

In summary, the main goal of the present study was to doc-
ument and quantify distinctive registers in infancy by investigating
the nature of these registers as produced by immature vocal folds.
Again, to our knowledge the investigation of both loft and pulse
using basic acoustic metrics in one study has not previously been
published even with adult subjects, much less with children or
with infants. The theory of adult phonation suggests that because
of the absence of a vocal ligament in infants, clear breaks between
modal and loft are unlikely to occur at this stage of develop-
ment, and there is also little basis on which to predict that infants
will exhibit a clearly distinct pulse register at any specific fre-
quencies. Secondarily, acoustic quantification of the observed
registers will enhance metrics used to classify infant phonation
into distinct types, helping to associate them with regimes and
distinct vocal qualities. This latter goal will support yet unful-
filled objectives in studies of infant vocal development, specifically
identifying the physiological and acoustic bases for the protophone

categories purported to form a key basis (that of systematic con-
trastive sound production) for subsequent language
development.31–33

MATERIALS AND METHODS
Participants and recordings

Two 20-minute recording sessions for each of three typically de-
veloping female infants were selected for coding at each of three
ages: “early” (3–4 months), “mid” (5–7 months), and “late” (9–
11 months) for a total of 18 sessions (360 minutes). Infants were
both video and audio recorded in a laboratory equipped with four
cameras and set up as a child’s playroom. For representative-
ness, recordings were paired, one from a session in which the
mother and infant were freely interacting and the other during
a mother-experimenter interview session in which infants were
otherwise often vocally active “separately.”

The infants were fitted with custom-built vests that housed a
wireless microphone system (Samson Airline UHF AL1 trans-
mitter (Samson Technologies, Hicksville NY), equipped with a
Countryman Associates low-profile low-friction flat frequency
response MEMWF0WNC capsule (Countryman Associates,
Menlo Park, CA), sending to a Samson UHF AM1 receiver). The
vest configuration followed an original design developed by Buder
and Stoel-Gammon,34 with the microphone capsule housed within
a Velcro patch and oriented to maintain the mouth-to-microphone
distance at approximately 10–15 cm. TF32 software35 operating

TABLE 1.

References Reporting fo and H1-H2 Values for Modal vs Nonmodal Registers

Citation Population fo (Hz) H1-H2 (dB)

Modal vs loft
Neiman et al20 Adult males Loft: ≥250, modal: lower Loft: H1 > H2 (in 23 of 25),

modal: H1 < H2 (in 18 of 25)
Salomão and Sundberg21 Adult males singing Various, with regions of

overlap
H1 > H2, but with 14.2-dB

greater difference in loft
than in modal*

Švec et al9 Excised male
larynx (aerodynamically
excited)

Modal to loft†: 168 _ 332
Loft to modal†: 234 ` 146

Modal vs pulse
Gordon and Ladefoged2 Male speaker of Zapotec Pulse: H1<H2, modal: H1>H2
McGlone24 Adult males Pulse: 34–51

Adult females Pulse: 28–49
McGlone and Shipp25 Adult males Pulse: 18–65, modal: 87–117
Blomgren et al26 Adult males Mean pulse = 49, mean

modal = 117
Adult females Mean pulse = 48, mean

modal = 211
Avelino27 Three adult males Modal: H1-H2 > pulse H1-

H2 (in two of three)‡
Three adult females Modal: H1-H2 > pulse (in three

of three)

* Measured from the spectrum of the inverse filtered flow glottogram.
† Note that the loft value after the upward jump is higher than the loft value before the downward jump, and vice versa for modal values, indicating a “bi-
stable” region.
‡ Female values all positive, male values all but one (pulse) negative.
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a DT321 acquisition card (Data Translation, Inc., Marlbor-
ough, MA) was used to digitize the infant signals at 48 kHz after
low-pass filtering at 20 kHz via an AAF-3 anti-aliasing filter board.

Materials

Recording sessions were analyzed in the Action Analysis, Coding,
and Training (AACT) environment,36 which presents synchro-
nized video and audio and allows users to demarcate and label
intervals on spectrographic displays during coding. All noncry,
nonlaugh, and nonvegetative protophone vocalizations30,33 meeting
minimal audibility and duration criteria (>50 milliseconds) were
coded in breath group units.37 These vocalizations were subse-
quently coded into intervals (referred to below as “segments”)
representing the following mutually exclusive and exhaustive
phonatory regimes6: modal (clear, parallel, and moderately spaced
harmonics), high modal (more widely spaced harmonics or an
audible falsetto quality), pulse (very closely spaced harmon-
ics, widely spaced glottal pulses, and a “zipper-like” sound),
subharmonics (lower amplitude harmonics appearing in between
main harmonics), biphonation (two different sets of harmonics
moving in nonparallel directions), closed stops (within-
vocalization adduction-caused gaps in phonation), open stops
(within-vocalization abduction-caused gaps in phonation), and
chaos (very unclear harmonic structure with aperiodicity in glottal
pulses); see Buder et al6 for more detailed definitions and
examples.

Of special interest in the current investigation, the high modal
code was a stand-in for a possible loft register: coders were
trained only to mark very high-pitched intervals or intervals in
which the thin and weak quality of a nonmodal “falsetto” voice
was salient. As the existence of a true loft register in infancy
had not been verified in prior literature, no training was pro-
vided to certify that regime coders could reliably distinguish
loft from modal (but we note that the adult literature generally
seems to lack that certification as well). Hence, the HiModal
codes in our dataset included cases that might have been judged
to involve loft if such a code had been included in the coding
protocol, but the codes also included many segments that were
high-pitched but still perceived to have been produced by the
same mechanism as lower pitched modal segments. Pulse was
deemed to be a more salient quality in infancy, reliably distin-
guished on the basis of close harmonics, critically damped glottal
pulses, and a specifically raspy “zipper” or “frog” quality.6 Pulse
regimes mark growl protophones, but so can other low-fo or
even mid-fo “rough” regimes, such as subharmonics, biphonation,
and chaos.30

In all, 2445 noncry, nonvegetative, and nonlaugh protophone
vocalizations were identified and coded for regimes. From this
corpus, an exhaustive search was made, via inspection of spec-
trograms and listening, for vocalizations in which quality
transitions between modal and “high modal” codes or between
modal and pulse codes were audible within the utterance. Tran-
sitions could be in either order but with no intervening regimes.
The following paragraphs detail how we inspected for markers
of loft and pulse, independently of the fo and H1-H2 measure-
ments that would then be used to characterize the registers, to

corroborate whether the previous regime coding boundaries
represented a register transition and where that transition
occurred.

For modal↔ loft transitions, only those in which there was
a perceptually very salient difference in vocal quality and spec-
tral tilt across the transitions were retained for analysis. Transitions
were marked accordingly. For modal↔ pulse transitions, clear
temporal gaps between glottal pulses should be observed char-
acterizing the pulse segments.1 Although waveform shape was
one consideration in the previous pulse regime coding, a screen-
ing criterion for such temporal gaps had not been utilized.

For this purpose, Root Mean Square (RMS) amplitude con-
tours were extracted with a very narrow 0.5-millisecond window
to inspect for “temporal gaps” between glottal pulses (see
Figure 1). Inspection of these contours was a primary consid-
eration but was not always sufficient: variations in overall vocal
intensity and noise background had to be taken into account when
judging where the RMS amplitude had reached the ambient floor,
and in such cases, waveform morphology could also be a con-
sideration. Furthermore, as is especially conspicuous in Figure 1B,
an interim “transitional” segment was sometimes observed in
which the temporal gaps were lower in amplitude than in the
adjacent modal segment but did not actually reach the ampli-
tude. Most often, such gaps between modal and pulse segments
were well under 50 milliseconds.

Figure 2 provides a schematic to illustrate where acoustic mea-
sures were extracted relative to the identified transitions.
Measurement locations differed somewhat between the two reg-
ister types because of the transitional gaps between modal and
pulse that were not observed in modal↔ loft transitions. A primary
question regarding fo is the size of the shift between registers;
for this question, it was important to make fo measurements
without variable gaps between registers. On the other hand, as
H1-H2 measures were applied here to characterize the regis-
ters as such, it was important to accommodate transitional gaps
between modal and pulse (especially in cases such as that il-
lustrated in Figure 1B). In summary, all measures were taken
as closely “adjacent” to the transitions as possible except for H1-
H2 in pulse, which was taken as “near” to transitions as possible
while still ensuring that the measures clearly represented pulse
phonation.

Employing the criteria identified in the preceding three para-
graphs for modal↔ nonmodal transitions, analysts endeavored
to find five clear examples of each transition type from each of
the three infants at each of the three ages. However, sometimes
fewer than five, or even just one good example, could be found
to represent an infant or age. The resulting sample is detailed
in Table 2 of the Results section.

The AACT software was used for extracting harmonic am-
plitude values. AACT implements the TF32 acoustic analysis
library for extracting parameters such as harmonic frequencies
and amplitudes, given an initial fo cursor placement in a (op-
tionally frequency-zoomed) narrowband spectrum. The AACT-
TF32 software automatically generates the following seven values
for harmonic amplitude extraction: the time associated with the
cursor placement; the fundamental frequency (regional fo as de-
termined by frequency cursor placement); the regional-peak
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frequency and amplitude for the first harmonic, H1 (taken as fo

for this study), the regional-peak frequency and amplitude
close to double H1, which was taken to be H2; and finally,
H1-H2 as the amplitude of H2 subtracted from the amplitude
of H1. The harmonic spectrum was visually inspected to confirm
the accuracy of each extraction. Materials with ambiguous
harmonic structure due to overlapping vocalizations, noise, or
unclear harmonic structure were measured in consultation with
coauthors until consensus was reached. In many cases, prob-
lems with identification of harmonics occurred because of very
low intensity or very low frequency, causing either or both of
the first harmonics to fall below the spectral amplitude floor.
Such cases were excluded from the final data. These problems
account for somewhat reduced numbers of observations in some
categories, especially for pulse H1-H2 measures. H1-H2 mea-
sures were not transformed according to vowel identity as in
the H1*-H2* measures proposed by Hanson22 primarily because
formant measurements are notoriously difficult in infant mate-
rials because of sparse harmonic sampling, nasality, and a host
of other issues.38 We note, however, that prior literature on reg-
isters in adult phonation has also presented raw H1-H2 measures
(see Table 1).

During training of two analysts for H1-H2 measures from the
entire corpus of regime segments identified as loft or modal, a
large sample for assessing reliability was obtained, demonstrat-
ing good intercoder correlation for H1-H2 (Pearson r(353) = 0.90).
A third analyst placed location markers for the pulse mea-
sures; reanalysis of 20% of the pulse-associated measurement
locations by a reliability coder revealed a strong yet somewhat
lower correlation (Pearson r(84) = 0.84). Intercoder reliability
was also obtained on 20% of the data for the location of pulse↔
modal transition locations using the RMS-based technique; coder
differences, on average, differed by less than 3 milliseconds (stan-
dard deviation: 27 milliseconds).

As a first approach to the topic with no specific hypothesis-
driven framework in terms of such measures in infant register
samples, the data are summarized descriptively by univariate sta-
tistics (t test, analyses of variance [ANOVAs]) on the measures
and examined within groups as appropriate (eg, across transi-
tions). Nonetheless, even with a modestly sized dataset and large
overall variability, basic results of interest were significant in the
third-order alpha level, P < 0.001, so we have reported all effects
with alpha level 0.05 or less, and no “number of tests” adjust-
ments have been applied.

FIGURE 1. Illustrations of RMS procedure for modal-pulse discrimination. Each panel, extracted from TF32, displays the waveform on top (c.
0.5 second), a narrowband spectrogram (c. 0–4 kHz), and RMS amplitude with a 0.5-millisecond window. Label displays beneath the amplitude
trace include “(––––––––)” codes indicating the segments of interest, also indicated by arrows. Panel A presents a particularly clear example with
only a brief transition gap, whereas panel B presents the most difficult case encountered in this corpus, with an extended transition due to brief,
intervening regimes and an unclear amplitude floor due to noise overlay. The samples are from different infants but both at the youngest age rep-
resented in the data.
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RESULTS

Occurrence of registers

Table 2 lists vocalizations selected from the initial pool of 2445
according to the criteria listed in Materials and Methods. This
subset does not represent an exhaustive inventory of all transi-
tion occurrences but does include the utterances submitted for
analysis and demonstrates that all contiguous and clearly dis-
tinct registers occurred within vocalization at least once at
each age for each infant. Sample sound files with descriptions
are provided as Supplementary Data.

Acoustic characteristics of registers and register

transitions

Register differences
An ANOVA confirmed that the three registers were clearly dis-
tinct by fo in hertz (F(2, 292) = 238; P < 0.001) and also in each
pairwise comparison (Tukey honestly significant difference,
P < 0.001). These effects were stronger yet in semitones (F(2,
292) = 681), where the distributions were clearly more well nor-
malized as seen in Figure 3B below by the symmetrical whiskers,
the distribution of outliers both above and below the median,

FIGURE 2. Schematic of fo and H1-H2 measurement locations (“waveform” shapes in this schematic do not depict actual glottal waveforms
and are merely intended to be evocative of register distinctions). Measurements were taken at “mid” locations for all three registers, and adjacent
to loft-modal transitions. In pulse-modal transitions, transitional segments such as those illustrated in Figure 1 were typically observed: for this
reason, fo measures were still taken adjacent to transitions, but H1-H2 measures were taken for pulse only “near” the transition. This latter cri-
terion meant that for pulse, a 0.5-millisecond windowed RMS contour had to reveal a continuous sequence of glottal pulses that were critically
damped exhibiting temporal gaps for H1-H2 measurement.

TABLE 2.

Observations of Within-utterance Register Transitions

Infant Age (mo)
Vocalizations

With Loft Transitions
Vocalizations
With Pulse Transitions Modal Segments

AD 3 6 6 M-L, 3 L-M 10 7 M-P, 3 P-M 18
6 3 1 M-L, 3 L-M 8 5 M-P, 3 P-M 12
9 4 5 M-L, 3 L-M 6 3 M-P, 3 PM 16

EA 3 7 5 M-L, 5 L-M 5 2 M-P, 1 P-M 13
5 8 6 M-L, 5 L-M 9 2 M-P, 7 P-M 19

10 5 3 M-L, 2 L-M 5 1 M-P, 4 P-M 10
SM 4 12 8 M-L, 9 L-M 8 5 M-P, 3 P-M 25

6 10 8 M-L, 5 L-M 7 1 M-P, 6 P-M 20
11 10 9 M-L, 4 L-M 5 1 M-P, 4 P-M 16

Totals: 65 51 M-L, 39 L-M 63 27 M-P, 34 P-M 149

Notes: The tallies of transitions for each infant and age represent the number of clear examples that could be readily found among the 40 minutes of re-
corded examined but not necessarily the maximum number to be found. Smaller numbers (five or fewer) reflect a paucity of examples (eg, infant EA at the
youngest age for pulse), but in other cases, more than the listed number were readily identified (eg, infant SM for loft or infant AD at younger ages for
pulse), but only the clearest exemplars were retained to provide representation across infants and ages. The total number of transitions = 151.
Abbreviations: L-M, loft to modal; M-L, modal to loft; M-P, modal to pulse; P-M, pulse to modal.
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and the absence of extreme outliers above the median. See Table 3
for values and numbers of fo observations. Note that modal and
loft showed an overlap, whereas modal and pulse registers were
nonoverlapping. It is notable that pulse in the infant data was,
on average, at a frequency that would be in a modal range for
adults—122 Hz—and was observed to be as high as 211 Hz even
at regime midpoint.

ANOVA also indicated an overall difference between regis-
ters in these data by the H1-H2 measure (F(2, 276) = 93.4,
P < 0.001), but pairwise comparisons by Tukey honestly sig-
nificant difference were significant at P < 0.001 only for loft vs

the other two registers. See Table 4 and Figure 4: both modal
and pulse phonations showed a high second harmonic relative
to the first in infant phonation, whereas loft phonation in the
infants yielded the expected higher first harmonic relative to the
second. There was still much variation within registers and overlap
across registers, but loft was distinct in both measures.

Register transitions
We now turn to inspection of the measures taken adjacent to tran-
sitions. Recall that for these comparisons, as schematized in
Figure 2, the fo data were taken as close to the transition as pos-
sible, adjacent to it, in both types of register shifts. Loft transitional

FIGURE 3. Box and whisker plots depicting fo in (A) hertz and (B)
semitones, measured midregister.

TABLE 3.

fo Values of Registers in Hertz at Midpoints of the Regime

Segment

Minimum Mean Maximum n

Loftmid 399 791 2322 90
Modalmid 228 384 779 148
Pulsemid 35 122 211 58

TABLE 4.

H1-H2 Values in Decibel of Registers at Midpoints of the

Regime Segment

Minimum Mean Maximum n

Loftmid −12 9.3 33 89
Modalmid −22 −6.0 17.2 148
Pulsemid −17 −6.0 6.4 42

FIGURE 4. Bar charts depicting H1-H2 transitions by type and
direction.
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H1-H2 measures were also taken adjacent to shifts, but pulse
transitional H1-H2 measures were taken as near to the transi-
tions as possible, so long as pulse-by-pulse temporal gaps had
been clearly observed (again, typically no more than 10–
20 milliseconds separated from clearly modal regimes). Table 5
lists fo measure statistics by transition type for each register sep-
arately, and also includes the average changes for each transition
type in both hertz and semitones, and regions of overlap between
the upward and downward going transitions. Figure 5 depicts
the transition differences in fo.

Loft-modal fo transitions
Paired t tests confirmed that both upward and downward shifts
traversed significantly distinct end points: modal→loft: t(50) = 13.9,
P < 0.001, and loft→modal: t(38) = −11.2, P < 0.001. These effects
were even larger when assessed on the semitone scale: modal→loft:
t(50) = 22.0, P < 0.001, and loft→modal: t(38) = −15.9, P < 0.001.
The average last hertz value of modal before a transition to loft
(428) was about the same as the average first hertz value of modal
after a transition from loft (415), and a t test affirmed that these
values were statistically indistinguishable (t(88) = −0.77, P = 0.44).
The first hertz value of loft after a transition from modal (741)
was also comparable with the last value of loft before a transi-
tion to modal (687), and these were also statistically indistinct
(t(88) = −1.21, P = 0.23). The upward and downward shifts

appeared comparable in Hz and their magnitudes were statisti-
cally indistinct (t(88) = 1.2, P = 0.22).

Pulse-modal fo transitions
Paired t tests confirmed that both upward and downward shifts
traversed significantly distinct end points: modal→pulse:
t(31)=−5.46, P < 0.001, and pulse→modal: t(28) = −5.94,
P < 0.001. These effects are comparable when assessed on the
semitone scale: modal→pulse: t(31) = −4.76, P < 0.001, and
pulse→modal: t(28) = 6.41, P < 0.001. The average last hertz value
of modal before a transition to pulse (267) was smaller than the
average first hertz value of modal after a transition from pulse
(302), and this difference did reach statistical significance
(t(59) = −2.05, P < 0.05), but this level of significance might be
viewed with caution, given the number of tests applied to these
data (and when one high outlier value was removed from the
post–pulse modal data the P value was 0.08). The first hertz value
of pulse after transition from modal (201) was comparable with
the last hertz value of pulse before transition to modal (206),
and these were not statistically distinct (t(59) = −0.4, P = 0.68).
The upward shift of 96 was larger than the downward shift of
−66, but, apparently because of variability, these magnitudes were
not statistically distinct (t = −1.51, P = 0.14).

Table 6 lays out the H1-H2 measures in the same format as
fo measures in Table 5, and Figure 6 depicts transition line charts

TABLE 5.

fo Values in Hertz of Nonmodal and Modal Registers Adjacent to Transition Points by Transition Types

Transition Register Minimum Mean Maximum Mean Transition Shifts

Modal→loft Modal 289 428 603 313 Hz (9.1 ST) 428 _ 741
n = 51 Loft 440 741 1219
Loft→modal Loft 396 687 1254 −272 Hz (−8.4 ST) 687 ` 415
n = 39 Modal 290 415 647
Modal→pulse Modal 136 267 377 −66 Hz (−5.3 ST) 267 ` 201
n = 29 Pulse 70 201 293.7
Pulse→modal Pulse 124 206 275 96 Hz (6.5 ST) 206 _ 302
n = 32 Modal 193 302 560

Notes: Bold entries indicate the last adjacent values in the direction of transitions. Italics indicate the average last adjacencies.
Abbreviation: ST, semitone.

FIGURE 5. fo transitions by type and direction. Error bars are standard errors.
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for this measure. Recall that for midregister, depicted in Figure 4
and quantified in Table 4, large H1-H2 differences were ob-
served in relative harmonic amplitudes for loft vs modal and loft
vs pulse, but not for modal vs pulse.

Loft-modal H1-H2 transitions
Large shifts in average H1-H2 values were observed in both tran-
sition directions, reflecting an abruptly occurring change between
a relatively strong second harmonic in modal to a relatively strong
first harmonic in loft. Paired t tests revealed that these harmon-
ic amplitude changes were statistically significant across the
modal-loft transition (t(50) = −7.61, P < 0.001) and across the
loft-modal transition (t(38) = 7.13, P < 0.001). Note in Table 4,
however, that a very large range of relative harmonic ampli-
tudes was observed in both modal and loft—this range is
examined further in more detail. The shifts appear to be com-
parable in both directions, and their magnitudes were statistically
indistinct (t(88) = 0.02, P = 0.99).

Pulse-modal H1-H2 transitions
Because H1-H2 differences were not found between pulse and
modal midregister, it is not surprising that they were also not
observed to be very different across the transitions. More sur-
prising is the observation that there were somewhat less negative
H1-H2 differences in pulse compared with nearby modal values,
indicating comparatively somewhat less amplitude in the second
harmonic, as in loft. After modal to pulse transitions, the second

harmonic was higher very slightly relative to the first, but not
with statistical significance according to matched pair t test
(t(31) = −0.66, P = 0.51). Across pulse-modal transitions, a small
overall increase in the second harmonic relative to the first was
significantly distinct at the P < 0.01 level (t(29) = 2.61, P < 0.05).
Again, this small effect must be viewed with caution, given the
small numbers of observations and larger number of tests con-
ducted on this dataset overall, but it remains of interest as tending
oppositely to expectation based on adult models.

Variation within registers

As seen in Figure 4 for midregister variation and the transition-
al value ranges listed in Table 6, there was considerable variation
in relative harmonic amplitudes in these data both within and
across registers. Some of these variations may be related to fun-
damental frequency: The overall Pearson correlation taken
between fo and H1-H2 for all the available measures in this corpus
was significantly positive (r = 0.50, P < 0.001), possibly reflect-
ing a general covariation in these acoustic variables with pressure,
amplitude, glottal resistance, and other parameters likely to cause
H1-H2 changes. However, the scatter plot depicted in Figure 7
suggests that this overall correlation was just as much if not en-
tirely due to variation across the register clusters in this space.
Furthermore, if the registers are produced by different vibratory
mechanisms,1 patterns of covariation might also be expected to
differ within register.

TABLE 6.

H1-H2 Values in Decibel of Nonmodal and Modal Registers Close to Transition Points by Transition Types

Transition Register Minimum Mean Maximum Mean Transition

Modal→loft Modal −26.3 −7.4 9.9 +14.5
n = 51 Loft −16.4 7.1 37.8
Loft→modal Loft −17.9 8.0 31.5 −15.2
n = 39 Modal −21.5 −7.2 8.9
Modal→pulse Modal −19 −9.2 6.9 +0.8
n = 29 Pulse −20.3 −8.4 4.2
Pulse→modal Pulse −21.3 −8.0 6.2 −4.3
n = 32 Modal −39.1 −12.3 9.8

Notes: Bold entries indicate the last adjacent values in the direction of transitions. Italics indicate the average “last” adjacencies.

FIGURE 6. Box and whisker plots depicting H1-H2, measured midregister.
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Examining solely within registers, a small but significant pos-
itive correlation was obtained for the modal values (r = 0.18,
P < 0.01), whereas the others were nonsignificant at zero or neg-
ative values (loft r = 0.01, P = 0.89, and pulse r = −0.15, P = 0.13).
Furthermore, when only midregister values were examined, all
correlations became nonsignificant, and the negative correla-
tion for pulse register became more so at r = −0.23. In conclusion,
fo and H1-H2 measures were not observed to covary except when
all three registers were combined, and so this variation may be
epiphenomenal to the distribution across clusters and not char-
acteristic of the mechanisms except possibly within modal.
For the purpose of using fo and H1-H2 as acoustic classifiers
distinguishing registers, we therefore proceed to analyze
modal↔ nonmodal distinctions for the two nonmodal registers
separately.

Acoustic classification of registers

Table 7 presents logistic regression modeling results using fo and
H1-H2 as predictors, and each of the two pairwise modal vs
nonmodal register contrasts as outcomes. Note that pulse was
fully predicted by fo, with no further predictive value when H1-
H2 was added. Loft was best predicted by fo, but H1-H2 added
a good bit of final variance explained, increasing prediction from
0.86 to 0.90. Overall, at 0.90 prediction of loft with only two
measures, and 0.96 for pulse with only one, the measurement
set contributes a great deal of explanation for the categories.

The fo threshold value for modal vs pulse in this dataset was
208.5 Hz, conforming nicely with the general rule of thumb of
200 Hz that “regime” coders had used when identifying pulse.6

Note again, however, that this would be a remarkably high fo at
which to hear individual pulses, yet pulse was the percept for
these infants: a generally rasping “washboard,” “zipper,” or “frog”
sound, occurred despite the high fo. The result is surprising because
adult pulse is reportedly perceived at the much lower fo where
individual pulses become detectable.

With both variables predicting modal vs loft, the combina-
tion threshold values were fo = 516 Hz and H1-H2 = 1.6 dB. This
fo cutoff was slightly lower than the threshold for fo alone, and
this H1-H2 threshold was slightly more negative than that in the
harmonics alone model. In combination, the measures in-
creased prediction but at a negligibly small improvement in
comparison with either measure alone. However, given the large
gaps across loft↔ modal transitions and the large variation in
both measures within registers, it is almost certainly of value
to utilize both measures when discriminating these registers.
Examining correctly classified instances, it could be seen
that sometimes one measure “rescued” the other. For example,
the segment with the lowest fo that was still identified as
loft—fo = 396 Hz—had an H1-H2 measure of 9.8 dB, well
above the cutoffs. The highest fo still identified as
modal—fo = 779 Hz—had an H1-H2 measure of −12.6 dB. These
observations validate perceptual impressions that perceived reg-
isters in these infants were not simply a matter of pitch.

DISCUSSION

Each of the three infants in the present study demonstrated within-
vocalization register transitions at least once in relatively brief
recorded samples at each of the ages examined during their first
year of vocal development. The loft-modal transitions were par-
ticularly salient, corresponding in the acoustic data to large jumps
in fo and large changes in H1-H2, typically positive for per-
ceived loft and negative for perceived modal. Pulse-modal
transitions were equally evident, however, and were also sig-
naled by clear acoustic markers. Although these transitions were
distinguished better by fo than by H1-H2, pulse surprisingly
trended toward more positive H1-H2 values: given the theoret-
ical bases for this measure, such values would presumably result
from a less pressed configuration of the glottis in comparison
with the immediately adjacent modal phonation.

The harmonic amplitude measures alone did not clearly support
for the infants the distinct mechanism for pulse phonation posited

FIGURE 7. Scatterplot of all H1-H2 measures over fo (inclusive of
midregister, loft and modal adjacencies, pulse-adjacent modal, and modal-
near pulse).

TABLE 7.

Logistic Regression Results for Discriminating Registers Across Transitions

H1-H2 fo H1-H2 and fo

Prediction AreaROC Cutoff Prediction AreaROC Cutoff Prediction AreaROC

Loft-modal 0.74 0.88 2.8 0.86 0.97 523 0.90 0.98
Pulse-modal 0.62* 0.48* NA 0.96 0.996 209

* Only fo is significant.
Abbreviation: NA, not applicable.
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in the adult literature. Moreover, perceived register transitions
occurred around 200 Hz, casting doubt upon the applicability
for infants of the psychoacoustic argument from adult litera-
ture, suggesting that pulse is identifiable because individual pulses
are only audibly distinct when fo is lower than 70 Hz. By the
same token, the simple fact that infant vocal folds will natural-
ly vibrate at higher frequencies does not explain the perceived
register transition at the higher fo. Furthermore, the lack of clearly
distinct H1-H2 values in perceived pulse register seems to in-
dicate that the infants were not producing pulse by “constricting”
the glottis as is generally thought to occur in adults.3

Most broadly, in comparison with adult phonation, these results
indicate that the loft register operates very similarly in infants,
although it is signaled by somewhat higher fo, whereas the pulse
register in infancy may operate quite differently from that in
adults. The findings should be interpreted in the context of known
differences between adult and infant vocal fold composition, spe-
cifically regarding the relatively undifferentiated and compliant
lamina propria in infants. In formulating contemporary myoelastic-
aerodynamic theory, van den Berg himself39 identified the ligament
as most likely needed for loft phonation. The stiffness of adult
ligamental layers, in conjunction with macula flavae, contrib-
utes measurable differences to natural vocal fold vibration
frequencies.40 As it is established that these two aspects of vocal
fold histology—ligament and macula flavae—are underdevel-
oped during possibly the entire first year of life,41 it is most
interesting to observe that infants produce a distinctive loft reg-
ister quite readily, apparently contradicting the general assumption
that a ligamental layer is critically involved.

A propensity for infant vocal folds to produce sound signal-
ing a pulse register, even at relatively high fo values but without
distinctive H1-H2 values, may be understood in terms of infant
tissue characteristics. “Deligamented” lamina propria are likely
to be highly compliant and also more readily detachable from
the body. Such loose and detachable vocal fold cover tissues could
provide the lax cover and marginalized body tissues that fry pho-
nation is thought to involve, potentially explaining the lack of
distinctive H1-H2 characteristics even for glottal pulses that exhibit
critical damping as evidenced in temporal gaps between pulses.
In other words, a reason that this perceived register did not cor-
respond to an anticipated “pressed” marker, signaled by a high
second harmonic (relative to nearby modal register), might be
attributable to the very compliance of these cover tissues. Fur-
thermore, this loose detachable aspect might also explain the
occurrence of falsetto style vibration without the involvement
of a ligament. The natural protophone categories that result (often
called vowel-like sounds, squeals, and growls) are routinely rec-
ognized by caregivers and form anchors for vocal interaction while
infants are still prelinguistic.10

Turning to the observed threshold values obtained in the lo-
gistic regression results, these values will be useful in classification
work underway toward understanding the acoustic dimensions
of infant protophones.10,30 Although previously our regime codes
included only an agnostic high modal category, the fo and har-
monic amplitude measures reported here suggest that a loft register
is indeed present in infants. The register distinction may provide
the basis for distinguishing two types of “squeals” in infant

vocalizations, one as corresponding to loft, and the other, high-
pitched modal. Register distinctions made on an acoustic basis
can now be added to other acoustic dimensions, such as fo vari-
ability and other nonmodal regimes, and the combination should
help in modeling of human coding of infant protophone types.42,43

Perceptual coding of phonation by young children with autism
suggests that the register distinction may be important for un-
derstanding audible signs characterizing this population.44

Summary

The results presented here demonstrated that within-vocalization
transitions between the modal register and the two primary
nonmodal registers of loft and pulse occur at each of three dif-
ferent ages during the first year of life in each of the three infants
sampled. These transitions resemble those observed in adults,
even though the cover tissues of infant vocal folds are quite dif-
ferent from those found in adults. In addition to describing
phonatory phenomena not previously documented in infant pho-
nation, the results present specific challenges to voice science
by demonstrating that (1) loft phonation does not require a vocal
ligament, and (2) pulse phonation can occur audibly at frequen-
cies above 200 Hz.

Limitations and future research

A major limitation of the present study is the small number of
speakers involved, only three female infants. As with so many
other aspects of speech analysis, all the measures of the present
study required prior determination of fo, and early infant pho-
nation is notorious for confounding this determination (eg, due
to subharmonics, biphonation, and chaos). With ongoing devel-
opments in automated recognition of harmonic structures in
spectrograms, however, it can be hoped that a more rapid and
ultimately automatic detection of registers in infant phonation
might be possible.

With more rapid data collection on a larger number of sub-
jects, applications may extend beyond certification of protophone
dimensions and categories in a variety of directions. Age effects,
although not found in this limited dataset, ought to be ob-
served beyond the first year of life, especially in a lowering of
the pulse fo threshold. It is possible that infants’ use of regis-
ters could be imitative or could vary by situation as an indicator
of emotion or interactional intent. Quantified discrimination of
prelinguistic phonation and distress-call (“crying”) phonation has
yet to be performed, and knowledge of register-specific modes
of infant phonation will provide an essential backdrop for this
effort. Early detection of voice-related signs and symptoms of
speech disorders is another longer term direction, but mean-
while, clearly much basic voice science is yet to be done, tracing
the ontogeny of register range measures with the schedule of
ligament and macula flavae developments.

SUPPLEMENTARY DATA

Supplementary data related to this article can be found online
at doi:10.1016/j.jvoice.2017.12.013.
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