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Summary: Introduction/Hypothesis. Opera performance is physiological and emotional, and singing perform-
ers utilize their larynges in often strenuous ways. Historically, the training of a classical voice has been considered the
paragon of healthy singing. However, the natural history of a performing larynx has not been studied systematically.
There is paucity of scientific studies to guide practice patterns, particularly with regard to the course and extent of post-
performance physiologic and acoustic changes.
Study Design. A prospective case series was carried out.
Methods. Principal singers in the Houston Grand Opera’s 2012–2013 repertory were enlisted, for a total of seven
singers. Stroboscopy was performed prior to the start of rehearsals, and at the completion of the opera’s run. Data points
included erythema, edema, masses or lesions, mucosal waveform, supraglottic posture; acoustic measurements were
also performed.
Results. There were statistically significant differences (P < 0.05) in the mucosal wave on pre- and postperformance
stroboscopic examinations. Acoustical measures did not achieve statistical significance, but there was a trend toward
increased harmonic-to-noise ratio in postperformance measures, as well as decreased frequency range and reading F0.
Measures of intra- and inter-rater reliability indicated varying levels of intra-rater reliability, and generally poor inter-
rater reliability.
Conclusions. This pilot study describes physiologic and acoustic changes that may occur over the course of a series
of rehearsals and performances in the operatic larynx. In so doing, it highlights a need for larger studies with in-
creased frequency of serial examinations to study in a systematized way what may be natural reactive changes that
occur during performance.
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INTRODUCTION

Opera fans are among the most impassioned of any devotees of
any musical genre, their fervor fueled largely by the sonic wonder
of a solitary human larynx trained to reach, unamplified, above
an orchestra and chorus across space to the back of a cavern-
ous hall. This most inspiring of artistic endeavors remains,
simultaneously, the most athletic of challenges to the anatomy
and physiology of the human larynx. In the evolution of oper-
atic performance, an arguable pinnacle of which was described
famously by Richard Wagner in 1849 in his vision of
Gesamtkunstwerk (approximately, “total artwork”), in which the
composer conceived opera, specifically, his expansive Ring cycle,
as the summation of all arts,1 more has been demanded of opera
singers through each century. Vocal and theatrical exigencies trans-
late into taxing demands on the microanatomy and gross
physiology of the larynx. This notwithstanding, opera perfor-
mance and the training of a classical voice has historically been

considered the paragon of healthy singing, with its focus on breath
support, dimension of tone, and minimizing of strain.
Medical understanding of the natural history of a perform-

ing larynx is based on decades of anecdotal observation and
experience. However, a review of the literature indicates that the
scientific studies to guide practice patterns are sparse. Both recent
and more historic studies have worked to characterize the dynamic
function of the larynx during singing, by analyzing supraglot-
tic activity and posture, and by challenging ideas about what
constitutes normal function versus hyperfunction during speak-
ing and singing.2–4 These studies have contributed to the idea
that the singing voice comprises much more than the approxi-
mation and vibration of the vocal folds.
What remains missing, however, is knowledge about how these

highly coordinated functions of the larynx and glottis, in fact,
change the larynx and glottis over time, if at all. There is not
yet reproducible evidence about the changes that occur either
in the acute setting following a performance, or over the course
of an operatic career. For example, it is often cited in informal
conversation that vocal fold edema lasts 36–48 hours after an
arduous performance, but there are no rigorous studies to support
that time course.
This pilot study set out to begin to investigate what, if any,

physiologic and acoustic changes happen over the course of op-
eratic performance. Recognizing the enormous multiplicity of
variables, ranging from an individual singer’s anatomy and phys-
iology, to variations in training and technique, to performance
conditions, to influences of lifestyle and environment, the goals
of this study were focused, and tailored to a small pilot cohort
of elite singers over a specific period of time.
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MATERIALS AND METHODS
Principal singers in two of the productions from the Houston
Grand Opera’s 2012–2013 repertory productions were en-
listed, for a total of seven principal singers. Stroboscopy was
performed 1 week prior to the start of rehearsals, and 1 week
following the completion of the performance period. All togeth-
er, this represented 4 weeks of rehearsals and 2 weeks that
included 7 performances.

At each examination, acoustic measurements were taken using
the Multi-Dimensional Voice Program (MDVP). Singers were
asked to read the standard “MarvinWilliams” passage; the average
F0 was calculated from the first 10 seconds of this reading sample
(rF0). They were then asked to phonate /α/. They were then asked
to sing /α/ at a comfortable pitch (sF0); during their
postperformance testing, they were also asked to sing /α/ at the
same sF0. Finally, they were asked to glissando on /α/ from their
lowest to highest pitch and then again from their highest to lowest
pitch. They then were asked to sing chromatically ascending and
descending scales to the extremes of their ranges. The highest
and lowest frequencies with stable phonation were recorded. All
sustained tasks were sustained for 4–5 seconds and were re-
peated for a total of three tokens per task. The first 0.25 second
of each token was then discarded and the following 3 seconds
were analyzed; the analysis of the three tokens within each task
was averaged using the Multiple Tokens Protocol within the
MDVP program.

Stroboscopic examinations were performed by a single
laryngologist (C.R.S.); singers were asked to phonate a sus-
tained /i/ at the rF0. These examinations were reviewed by two
laryngologists not involved in the performance of the examina-
tion. No identifying information was shown in the examinations,
nor was sound heard. The two raters were blinded to the date
of the examination as well, so that they were not aware whether
the examination was recorded before or after the series of re-
hearsals and performances. All examinations were shown in a
randomized order determined by computer-randomization soft-
ware. Data points evaluated in stroboscopy included: (1) extent
of erythema, (2) extent of edema, (3) presence of masses or
lesions, (4) evaluation of mucosal waveform, (5) closure pattern,
and (6) supraglottic posture.

The acoustic measures were summarized by means and stan-
dard deviations at initial and follow-up time points. Acoustic
measures were compared pre- and postperformance for differ-
ences using Wilcoxon signed rank tests. Correlations between
acoustic measures were evaluated both pre- and postperformance
using Spearman rank correlation.

Stroboscopy measures were described for each rater pre- and
postperformance. Changes in stroboscopy measures were de-
scribed as improved, no change, or worsened using frequencies
for both raters separately. Changes in stroboscopy measures were
compared pre- and postperformance using McNemar’s test or
Bower’s symmetry test for each rater. Agreement between the
change in rater’s ratings (worsen or not) was measured using a
kappa statistic. Agreement within a rater’s rating for an exam-
ination was measured using a weighted kappa statistic for
erythema and edema (they have more than two levels) and a kappa
statistic for the other stroboscopy measures. Statistical signifi-

cance was assessed at the 0.05 level, and no adjustments were
made for multiple hypothesis testing.

RESULTS

Stroboscopy data

When comparing pre-and postperformance stroboscopy mea-
sures, there is a significant worsening of mucosal waveform when
measured by the first rater (P = 0.046) but not by the second rater.
All kappa statistics comparing the two raters’ ratings were less
than 0.2, indicating poor agreement. Complete stroboscopy rating
data from rater 1 is given in Table 1.
When comparing the readings of the examinations within a

rater (assessing intra-rater reliability), rater 1 had higher kappa
statistics than rater 2. Rater 1 had substantial agreement for ery-
thema and lesions, moderate agreement for edema, supraglottic
posture and mucosal waveform, and fair agreement for closure
pattern. Rater 2 had moderate agreement for erythema and slight
or poor agreement for all others (Figure 1).

Acoustic data

There was a statistically significant change to lower frequency
in the rF0 (P = 0.047) pre- and postperformance. Although there
were changes in the glissando and chromatic ranges in the low
and high ends, these did not reach statistical significance. There
was also a trend toward increased jitter in the rF0 (P = 0.078)
(Table 2).

DISCUSSION

One is constantly reminded in a study such as this one of the
gulf between the summative art of a performance and the re-
ductionist lens of laryngoscopic examination and acoustical
measurement. It may never become possible to quantify or
measure the effects of emotion or interpretation on the micro-
anatomy of the singing voice, nor would such measures
necessarily be desirable or even useful. The dearth of literature
on the physiologic and acoustic effects of performance, however
defined, on the singing voice, regardless of genre, is surpris-
ing, given the frequency with which singers seek out care and
the window of insight that a highly trained, athletic singing voice
would seem to provide into general principles of managing
phonotrauma and high vocal demand.
The crux of the challenge may well be found in the gap

between isolated, deconstructed larynxes that can be easily studied
in the lab, and living, breathing, singing voices in humans on
stage, which are much more difficult study. The extensive and
innovative work of Titze and Jiang, through computer model-
ing and study of canine anatomy, has afforded insight into the
biomechanics of phonotrauma. An oft-cited study by Gray and
Titze in 1988 found in a canine model that hyperphonated vocal
folds caused sloughing of the superficial epithelial layers of the
vocal folds, as well as breakdown of the anchoring filaments in
the basement membrane zone.5 Indeed, histopathological inves-
tigations have generally established a model of injury and
remodeling that underlies the development of pathologies like
vocal fold nodules and polyps over time.6,7 But the temporal re-
lationships of these developments to a performance—what some
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