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A B S T R A C T   

Men's voices may provide cues to overall condition; however, little research has assessed whether health status is reliably associated with perceivable voice para-
meters. In Study 1, we investigated whether listeners could classify voices belonging to men with either relatively lower or higher self-reported health. Participants 
rated voices for speaker health, disease likelihood, illness frequency, and symptom severity, as well as attractiveness (women only) and dominance (men only). 
Listeners' were mostly unable to judge the health of male speakers from their voices; however, men rated the voices of men with better self-reported health as 
sounding more dominant. In Study 2, we tested whether men's vocal parameters (fundamental frequency mean and variation, apparent vocal tract length, and 
harmonics-to-noise ratio) and aspects of their self-reported health predicted listeners' health and disease resistance ratings of those voices. Speakers' fundamental 
frequency (fo) negatively predicted ratings of health. However, speakers' self-reported health did not predict ratings of health made by listeners. In Study 3, we 
investigated whether separately manipulating two sexually dimorphic vocal parameters—fo and apparent vocal tract length (VTL)—affected listeners' health ratings. 
Listeners rated men's voices with lower fo (but not VTL) as healthier, supporting findings from Study 2. Women rated voices with lower fo and VTL as more attractive, 
and men rated them as more dominant. Thus, while both VTL and fo affect dominance and attractiveness judgments, only fo appears to affect health judgments. 
Results of the above studies suggest that, although listeners assign higher health ratings to speakers with more masculine fo, these ratings may not be accurate at 
tracking speakers' self-rated health.  

1. Introduction 

The voice of adult humans is conspicuously sexually dimorphic 
(Pisanski & Bryant, 2016; Puts et al., 2011; Puts et al., 2016). Sex dif-
ferences largely emerge during puberty with increases in steroid hor-
mones: growth in the length and thickness of the male vocal folds and 
length of the male vocal tract produce lower fundamental frequency (fo) 
and formants, respectively (Abitbol, Abitbol, & Abitbol, 1999; Butler 
et al., 1989; Fitch & Giedd, 1999; Harries, Hawkins, Hacking, & Hughes, 
1998; Harries, Walker, Williams, Hawkins, & Hughes, 1997; Hollien, 
Green, & Massey, 1994; Markova et al., 2016; Puts et al., 2011; Hodges- 
Simeon, Gurven, Cárdenas, & Gaulin, 2013). These morphological 
changes result in men having a deeper, more resonant-sounding voice 
than women and children (Markova et al., 2016; Titze, 2000). Both 
sexes attend to these features of the voice (Feinberg, Jones, Little, Burt, 
& Perrett, 2005; Puts, Hodges, Cárdenas, & Gaulin, 2007), and use them 
to form interpersonal perceptions. Men's voices manipulated to have 
lower fo, and/or formants are rated as more attractive by women in 
some studies (e.g., Feinberg et al., 2011; Feinberg et al., 2005; Hodges- 
Simeon et al., 2010; Puts, 2005; but not all: see Shirazi, Puts, & Escasa- 
Dorne, 2018; Rosenfield, Sorokowska, Sorokowski, & Puts, 2019). Men 
with lower pitched voices are also perceived as sounding larger, older, 
stronger, and more dominant (e.g., Bruckert, Liénard, Lacroix, Kreutzer, 

& Leboucher, 2006; Collins, 2000; Jones, Feinberg, DeBruine, Little, & 
Vukovic, 2010; Klofstad et al., 2015; Pisanski & Rendall, 2011; Puts, 
Gaulin, & Verdolini, 2006; Puts et al., 2011; Raine, Pisanski, Bond, 
Simner, & Reby, 2019; Rosenfield et al., 2019; Sell et al., 2010), which 
may impact decisions in voting (Klofstad, Anderson, & Peters, 2012), 
mating (Hodges-Simeon, Gaulin, & Puts, 2011; Hughes, Dispenza, & 
Gallup Jr., 2004; Puts, 2005; Puts et al., 2007; Saxton, Caryl, & Craig 
Roberts, 2006), hiring (Mayew, Parsons, & Venkatachalam, 2013), and 
other social arenas. The goal of the present investigation was to assess 
whether voice impacts listeners' perceptions of speakers' physical 
health. As a second aim, we also investigated the extent to which 
acoustic characteristics of men's voices are related to their self-rated 
health. 

2. Immunocompetence handicapping hypothesis 

The reasons why listeners attend to and make decisions based on 
vocal parameters is an active area of debate (Aung & Puts, 2020;  
Feinberg, Jones, & Armstrong, 2018; Feinberg, Jones, & Armstrong, 
2019; Puts & Aung, 2019), in part because it contributes to our un-
derstanding of the evolutionary origins of the conspicuously large 
sexual dimorphism in human voice pitch (Puts et al., 2016). The im-
munocompetence handicap hypothesis (ICHH; Folstad & Karter, 1992), 
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based on handicapping models of sexual signaling (Hamilton & Zuk, 
1982; Zahavi, 1975, 1977), posits that receivers attend to testosterone 
(T)-dependent traits in inter- and intrasexual competition because such 
traits indicate good genes and health (e.g, Gangestad & Simpson, 2000). 
T promotes mating effort (including the development of secondary 
sexual characteristics) by shunting energy from the immune system, 
suggesting that only the healthiest males can afford the immunologic 
cost of developing such conspicuous traits (Folstad & Karter, 1992;  
Muehlenbein & Bribiescas, 2005). In addition, infection suppresses T 
production (Furman, 2014; Simmons & Roney, 2009); therefore, in-
dividuals who inherit strong immune systems will, on average, have 
succumbed to fewer infections and suppressed T production less fre-
quently and for shorter durations, which allows for the development of 
elaborate ornaments (Foo et al., 2020). From this perspective, T-de-
pendent traits in male mammals may be used to judge quality because, 
on average, such traits are honest indicators of genetic predictors of 
health (Folstad & Karter, 1992; Wedekind & Folstad, 1994). 

The ICHH has yielded mixed support across species (Alonso-Alvarez, 
Bertrand, Faivre, Chastel, & Sorci, 2007; Casagrande & Groothuis, 2011;  
Cox & John-Alder, 2007; Deviche & Cortez, 2005; Edler, Goymann, 
Schwabl, & Friedl, 2011; Evans, Goldsmith, & Norris, 2000; Fuxjager, 
Foufopoulos, Diaz-Uriarte, & Marler, 2011; Lea et al., 2018; Lindström, 
Krakower, Lundström, & Silverin, 2001; Owen-Ashley, Hasselquist, & 
Wingfield, 2004), including humans. Although some studies have de-
monstrated relationships between immune upregulation and androgen 
suppression (Furman, 2014; Muehlenbein, Alger, Cogswell, James, & 
Krogstad, 2005; Simmons & Roney, 2009), between T-levels and or-
nament quality (e.g., Dabbs & Mallinger, 1999; Evans, Neave, Wakelin, 
& Hamilton, 2008; Hodges-Simeon, Gurven, & Gaulin, 2015; Markova 
et al., 2016; Verdonck, Gaethofs, Carels, & de Zegher, 1999), and be-
tween T concentrations and health-based behaviors (Booth, Johnson, & 
Granger, 1999), few have found linear relationships between T con-
centrations and immune markers without the presentation of an im-
mune challenge. 

One of the most exhaustive studies of the ICHH in humans to date 
did not reveal significant relationships between immune function and 
concentrations of multiple androgens, including DHEA, DHT and T 
(Nowak, Pawłowski, Borkowska, Augustyniak, & Drulis-Kawa, 2018). 
However, another recent investigation in non-human primates revealed 
positive relationships between T-dependent behavioral traits and the 
expression of genes that encode for innate immunity (Lea et al., 2018). 
The inconsistent relationships between ornament expression, T and 
immunocompetence could be explained in part by a non-linear re-
lationship between ornament quality and health; that is, once a 
threshold level of energy is attained for immune function the remainder 
can be allocated to signal development and expression, reducing the 
strength of the relationship between health and signal quality (Kokko, 
1997). 

Although the applicability of the ICHH to signal expression in hu-
mans is unclear, this does not negate selection on perceptions of health 
cues. Rather, direct selection, which focuses on organisms' preferences 
for and mating biases toward males that are more fecund, provide su-
perior resources, offer more parental care, and/or reduce the female's 
reproductive costs serves as another plausible explanation for how 
preferences for cues to health could have evolved (Kokko, Brooks, 
Jennions, & Morley, 2003). Health may be especially preferred in bi- 
parental species such as humans, because choosing a healthy mate in-
creases the likelihood of securing a partner with the capacity to ade-
quately care for offspring during critical developmental periods 
(Allaire, 1988; Altschuler & Dale, 1999; Drotar, 1994; Thore, 1990;  
Tybur & Gangestad, 2011). In a similar vein, healthy individuals are 
less likely to contract diseases and thus less likely to pass such diseases 
onto their offspring (Gangestad, Haselton, & Buss, 2006). Finally, in-
dividuals in poor health are more likely to experience sickness behavior 
(e.g., lethargy, appetite loss; Adelman & Martin, 2009), making in-
trasexual status competition less successful. Thus, a direct-benefits 

explanation points to selection on observers to accurately judge health 
(Fisher, 1958), whereas the ICHH suggests that at least some of the 
dimensions on which they make their judgments may be linked to T and 
heritable immunocompetence. 

3. Cues of health 

Studies investigating observable cues of health have primarily fo-
cused on aspects of the human face (Fink, Grammer, & Matts, 2006;  
Henderson & Anglin, 2003; Little, McPherson, Dennington, & Jones, 
2011; Pound et al., 2014; Roberts, Little, DeBruine, & Petrie, 2017;  
Zaidi et al., 2019). Indeed, characteristics such as skin coloration (Fink 
et al., 2006, Henderson et al., 2017; Roberts et al., 2017; Smith, Jones, 
DeBruine & Little 2009; Roberts et al., 2017), apparent skin texture 
(Fink, Grammer, & Thornhill, 2001), averageness (Foo, Simmons, & 
Rhodes, 2017; Jones, 2018) fluctuating asymmetry (Gangestad et al., 
2006; Jones et al., 2001), facial adiposity (Henderson, Holzleitner, 
Talamas, & Perrett, 2016), and sexual dimorphism (Foo et al., 2020;  
Phalane, Tribe, Steel, Cholo, & Coetzee, 2017; however, see Zaidi et al., 
2019) suggest that observers use various aspects of the phenotype to 
form health impressions of others, some of which are associated with T 
during development (e.g., Bulygina, Mitteroecker, & Aiello, 2006;  
Hodges-Simeon et al., 2015; Markova et al., 2016; Roosenboom et al., 
2018; Thordarson, Johannsdottir, & Magnusson, 2006; Whitehouse 
et al., 2015; Verdonck et al., 1999). 

4. Current study 

In the present study, we examine four dimensions of the voice that 
have previously been linked, either directly or indirectly, with health 
and/or T. First, fo may cue aspects of condition throughout the lifespan 
(Arnocky, Hodges-Simeon, Ouellette, & Albert, 2018; Furlow, 1997;  
Hodges-Simeon et al., 2015; Stathopoulos, Huber, & Sussman, 2011). 
Beginning with infancy, neonatal crying may communicate phenotypic 
quality to parents (Furlow, 1997; Lummaa, Vuorisalo, Barr, & 
Lehtonen, 1998; Soltis, 2004). Indeed, infants with higher cry pitch, 
which is rated as more aversive by parents, tend to be in poorer phe-
notypic condition and may garner less parental investment than infants 
with relatively lower cry pitch (Furlow, 1997). Moreover, cry fo may 
index infant body size with relatively smaller infants producing cries 
with higher fo (Wermke & Robb, 2010). Among adolescent males, those 
with higher BMI show earlier and steeper descent in fo (Hodges-Simeon 
et al., 2013; Hodges-Simeon et al., 2015; Juul, Magnusdottir, Scheike, 
Prytz, & Skakkebæk, 2007). Among college-aged males, lower fo was 
correlated with higher concentrations of secretory immunoglobin-A, a 
biomarker of mucosal immunity (Arnocky et al., 2018); however, an-
other study found no relationship between vocal masculinity and an-
tibody response to an immune challenge (Skrinda, Krama, Kecko, et al., 
2014). Further, studies analyzing the effects of senescence on the 
human voice have shown changes in fo (Awan, 2006; Dibazar, Berger, & 
Narayanan, 2006; Harnsberger, Shrivastav, Brown Jr, Rothman, & 
Hollien, 2008; Stathopoulos et al., 2011). For example, fo is used to 
discriminate individuals in different age groups (Awan, 2006), such 
that fo decreases with age in women and men (Awan, 2006;  
Harnsberger et al., 2008) and then increases in men as they enter old 
age (Harnsberger et al., 2008; Stathopoulos et al., 2011). Speaker fo is 
also used in studies of voice pathology (e.g., Awan, 2006; Stathopoulos 
et al., 2011). 

Importantly for our purposes, fo is also associated with T throughout 
the life span—during development (Hodges-Simeon et al., 2015;  
Markova et al., 2016) and adulthood (Aung & Puts, 2020; Cartei, Bond, 
& Reby, 2014; Dabbs & Mallinger, 1999; Evans et al., 2008; Hodges- 
Simeon et al., 2020; Puts et al., 2011). In line with the stress-linked 
ICHH (Rantala et al., 2012), recent research has shown that men with 
relatively high levels of T and low levels of cortisol have lower fo (Puts 
et al., 2016). Vocal attractiveness ratings (which are correlated with 
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masculinity and T; Cartei et al., 2014; Feinberg et al., 2005) have been 
found to be associated with lower levels of facial fluctuating asym-
metry, a putative indicator of developmental instability (Hill et al., 
2017; but see Kordsmeyer et al., 2020). Furthermore, the increase in 
men's fo with aging occurs with a concomitant decrease in circulating T 
levels and an increase in frailty (Hyde et al., 2010; Stathopoulos et al., 
2011). 

Second, we use formant frequencies, which are resonant frequencies 
of the vocal tract that can be used to estimate vocal tract length based 
on established algorithms (VTL; Kalashnikova, Carignan, & Burnham, 
2017; Pisanski et al., 2014; Stevens, 1998). In one study, those with 
higher self-reported health and mucosal immunity exhibited longer 
apparent VTL (Arnocky et al., 2018); however, the reason for this as-
sociation is unknown. Although T is both theoretically and empirically 
associated with fo (Cartei et al., 2014; Dabbs & Mallinger, 1999; Evans 
et al., 2008; Puts et al., 2011), and VTL is more strongly linked with 
body size (yet explains only 10% of the variation in height; Pisanski 
et al., 2014), some evidence suggests that a T-linked, ICHH explanation 
may be extended to VTL as well. Preliminary research shows that 
exogenous T therapy results in significantly lower VTL measures among 
transgender males compared with cisgender females (Hodges-Simeon 
et al., 2020; Papp, 2012), which hints that T may influence vocal tract 
resonance. Although T and formant measures are not correlated in adult 
males (Arnocky et al., 2018; Puts et al., 2011), T predicts formant 
changes during puberty (Hodges-Simeon et al., 2015), and may con-
tribute to the male drop in formant measures during this time (Hodges- 
Simeon et al., 2013). 

Third, we measure variation in fo (fo-CV; fo-SD divided by fo). This is 
computed by dividing mean fo-SD by fo, which affects perceptions of 
monotonicity. Related work has demonstrated that lower fo-SD among 
men is associated with perceptions of masculinity and dominance 
(Hodges-Simeon et al., 2014), and physical aggression (Puts et al., 
2011), as well as measures of mating success (Hodges-Simeon et al., 
2011) and status (Leongómez, Mileva, Little, & Roberts, 2017). Lower 
fo-SD has been found to correlate with greater mucosal immunity 
(marginally), self-reported general health, and lower perceived vul-
nerability to disease (Arnocky et al., 2018). Moreover, fo-SD increases 
with age and increasing frailty (Gorham-Rowan & Laures-Gore, 2006). 
However, research suggests that fo-CV may be a better measure of 
variation in fo than fo-SD because it is not confounded by speakers mean 
fo (cf., Eguchi, 1969; Fouquet, Pisanski, Mathevon, & Reby, 2016). 
Therefore, we elected to use fo-CV in the current investigation. 

Fourth, we utilize HNR, a measure of vocal quality that affects lis-
teners' perceptions of hoarseness, breathiness, creakiness, and/or 
smoothness (Gorham-Rowan & Laures-Gore, 2006; Kreiman & Sidtis, 
2011; Linville, 1996). HNR is the ratio of energy in harmonic to noise 
components of a voice. Additive noise appears to be one of the primary 
measures that listeners rely on when assessing whether a voice is pa-
thological (Kreiman & Gerratt, 2003; Li & Jo, 2004) and is corrected 
following operations for dysphonia (Parsa & Jamieson, 2001). Severely 
dysphonic voices have higher noise relative to harmonics and high 
spectral slopes (Heman-Ackah, Michael, & Goding Jr, 2002; Li & Jo, 
2004). Lower HNR has been associated with poor health history, 
smoking, and alcoholism (Kreiman & Sidtis, 2011). Those experiencing 
acute illness, such as a sore throat have voices with increased hoarse-
ness, which is caused by edema of the vocal folds (Chan, 2010). Higher 
HNR is also perceived as more attractive (Babel et al., 2014). Therefore, 
listeners may perceive voices with higher HNR as sounding healthier. 

5. Aims and hypothesis 

Despite the links between health and voice parameters, no studies to 
our knowledge have examined whether individuals can accurately as-
sess health from speakers' voices. Our first aim was to determine if 
listeners can extract cues of speakers' health from voices alone 
(Fig. 1A). In Study 1 and 2, we assess whether listeners rate voices 

belonging to relatively healthier men as being healthier. In the present 
research, we assess speakers' health using the Health Perception 
Questionnaire Form II (HPQ II), which has been demonstrated to be a 
reliable and valid measure of respondents' health (Ware, 1976). Our 
second aim was to assess whether men with lower, more masculine 
voices experience better health (Fig. 1B). In Study 2, we tested for re-
lationships between speakers' self-reported health and four vocal 
parameters, fo, fo-CV, HNR, and apparent VTL. Aim 3 investigates the 
relationship between speakers' vocal parameters and listeners' health 
ratings (Fig. 1C). That is, do listeners use masculine voice character-
istics (i.e., lower fo, fo-CV, and longer apparent VTL) or other aspects of 
speech (i.e., HNR) to inform their ratings of health? In Studies 2 and 3, 
we use correlational and experimental designs to determine which 
speakers are rated as having better health. 

6. Study 1 

6.1. Methods 

6.1.1. Participants 
One hundred twenty-nine participants (68 females; aged 18 to 62, 

Mage = 33.4, SD = 9.0) were recruited through Amazon Mechanical 
Turk (MTurk), an online sampling technology, to complete a voice 
rating task and a questionnaire via Qualtrics. Reported ethnicities were 
Caucasian (68.3%), South Asian (10.3%), Black (8.7%), Asian (5.6%), 
Latin American (4.8%), Multiple Ethnicities (2.3%), South East Asian 
(1.6%), and Aboriginal (< 1%). 

6.1.2. Stimuli and materials 
As part of a separate study on health and mating, 108 under-

graduate men aged 17 to 29 (Mage = 20.11, SD = 2.02) were recruited 
from a small university and college in Canada (see Arnocky et al., 
2018). All participants provided a voice recording and completed a 
questionnaire package, which included measures of physical health and 
disease avoidance behaviors. No participants indicated currently ex-
periencing overt illness symptoms (i.e., current cold or flu). 

Voice recordings. In a quiet room, participants were recorded 
speaking five monophthong vowel sounds (i.e., /eh/, /ee/, /ah/, /oh/, 
/oo/) into a Samson Meteorite USB Condenser microphone, positioned 
approximately 20 cm from participants' mouths. Recordings used 
Goldwave (version 6.10) software in mono with a sampling rate of 
44.1 kHz and 16-bit quantization. Voice recordings were saved as high- 
quality uncompressed wav files. 

Acoustic Analysis. Voice recordings were analyzed using Praat 
voice analysis software version 5.4.22 (Boersma & Weenink, 2014). We 
used the autocorrelation method to determine the fo of each vowel 
sound within the utterance. The pitch floor was set to 60 Hz and the 
pitch ceiling was set to 300 Hz. To calculate the formant frequencies, 
vowel sounds were initially extracted (i.e., to exclude sporadic back-
ground noise, microphone pops, and accidental fricatives) by the Praat 
Vocal Toolkit Extract Vowels plug-in (Corretge, 2019). We then used 
Praat's Burg linear predictive coding algorithm (settings: maximum 
formant value = 5 kHz; time step = 0.01 s, and window 

Fig. 1. Summary of research aims.  
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length = 0.025 s). Formant frequencies were obtained for the first four 
formants of the five vowels. Pf was calculated by averaging standar-
dized measures of F1-F4 (formants standardized using within-sex means 
and standard deviations; Puts et al., 2011). Apparent VTL was based on 
an algorithm provided by Stevens (1998),1 which is derived from 
modeling the vocal tract as a uniform tube that is closed at one end (i.e., 
the vocal folds) and open at the other (i.e., the mouth). See Table 1. 

Self-reported health perceptions. Participants completed the 32- 
item Health Perceptions Questionnaire, Form II (HPQ II; Ware, 1976), 
which is a frequently used measure of physical health. The HPQ II 
measures eight facets of perceived health; however, only 3 of these 
subscales tapped physical health: (1) Current health status, (2) prior 
health status, and (3) disease resistance. The other 5 subscales (health 
outlook, worry about health, sick orientation, rejecting the sick role, 
and attitude toward doctor visits) were oriented toward respondents' 
personalities and attitudes surrounding health. Previous research has 
shown that the scales are reliable, valid, and stable over time and across 
populations (Ware, 1976). 

Selection and description of stimuli. We elected to sort voice 
recordings according to participants' mean scale scores for the current 
health status scale of the HPQ II. The prior health and disease resistance 
subscales could provide theoretically meaningful ways to test our hy-
potheses; however, these subscales were less reliable, having lower 
internal consistency (Prior health α = 0.53 and Resistance to disease 
α = 0.75, compared with current health α = 0.87), had fewer items 
(Prior health = 3 and Resistance to disease = 4, compared with current 
health = 9), and were more dependent on participants' imperfect re-
collections. Current health status correlated significantly with per-
ceived disease resistance (r (108) = 0.33, p  <  .001), but not prior 
health (r (108) = 0.11, p = .26). 

The recordings of the 20 men who scored the highest on current 
health status and the 20 men who scored the lowest on current health 
status were inspected for recording quality. After recordings with any 
background noise were excluded,2 recordings of the men with the 10 
highest and 10 lowest mean scale scores on the current health status 
scale were selected for use as stimuli. Please see Table 1 for a de-
scription of the subjects' acoustic parameters. To ensure equal loudness 
for stimulus presentation, we digitally manipulated the stimuli to 
equalize the Root Mean Square (RMS) intensity for all recordings. The 
average intensity of presentation for the recordings was 58.56 dB 
(SD = 0.97). 

6.1.3. Procedure 
The study was approved by the Boston University Institutional 

Review Board and was conducted online. Previous investigations have 
demonstrated that online voice rating studies produce findings con-
sistent with those conducted in laboratory settings (e.g., Jones et al., 
2008). Participants were instructed to go to a quiet room before be-
ginning the study and wear headphones for the voice rating portion. 
They completed six blocks of 20 trials of the voice rating task. For each 
block, participants listened to each of the 20 voices and rated each 
using a 9-point Likert-type rating scale (e.g. 1 = very unhealthy; 
9 = very healthy). In order to gain a more comprehensive under-
standing of their health perceptions for each speaker, we elected to 
have listeners' rate speakers on what we perceived to be distinct but 
related facets of health. Participants were asked to rate how healthy 

each speaker sounded; how likely each speaker was to get a disease; 
how frequently each speaker got sick; and how severe the speaker's 
symptoms were when they did get sick. We expected that general health 
ratings likely represent listeners' perception of the overall health of the 
speaker and paralleled the HPQ current health status subscale. Ratings 
of disease likelihood and illness frequency may tap into perceptions of 
the vulnerability of speakers' immune system to initial infection and 
parallel the HPQ disease resistance and prior health subscales. We 
added an additional question that was not represented by the HPQ; 
listeners' symptom severity ratings may reflect the perceived strength of 
the immune system at fighting infection when already sick. 

Heterosexual women also rated the attractiveness of each speaker 
for both short-term and long-term romantic relationships (a short-term 
romantic relationship was defined as a single date, one-night stand or a 
brief affair and a long-term relationship as steady dating or marriage). 
We elected to have female listeners rate both short-term and long-term 
attractiveness of speakers because previous research has demonstrated 
that relationship context affects women's preferences for masculine 
characteristics including voices (e.g., Feinberg et al., 2012), such that 
women may perceive more masculine males to be less likely to invest in 
long-term relationships and more likely to engage in infidelity 
(O'Connor, Pisanski, Tigue, Fraccaro, & Feinberg, 2014; O'Connor, Re, 
& Feinberg, 2011). All men rated physical and social dominance. A 
physically dominant man was defined as one who would probably win a 
fistfight against the average man, whereas a socially dominant man was 
defined as someone who tells other people what to do, is respected, 
influential, and often a leader (Puts et al., 2006). Both the presentation 
of all voice recordings within each block and the block presentation 
order was fully randomized. 

6.2. Data screening 

Listeners' ratings of each voice recording across all conditions were 
included as the dependent variable for the study. We then computed the 
Mahalanobis distance statistic to screen for multivariate outliers, which 
could bias the results of our multivariate analysis. All assumptions for 
multivariate analysis (i.e., multi-collinearity, normality, linearity, and 
homogeneity of variance) were met. 

6.3. Analytic plan 

Analysis was conducted in R (version 3.6.2; R core team). We used 
the lmer function from the package, lme4 (Bates et al., 2015) to conduct 
mixed effects linear regressions with Maximum Likelihood estimation. 

Table 1 
Descriptive statistics for voices of men who reported the highest and lowest 
level of current health status.         

Voice Type  N Min. Max. Mean SD  

High Current Health 
Status 

F1 10 435.83 731.67 506.76 88.45 
F2 10 1543.49 1845.30 1667.19 95.40 
F3 10 2445.51 2914.28 2660.03 124.88 
F4 10 3327.31 3837.62 3519.02 168.01 
fo 10 80.73 129.82 101.22 9.43 
fo-SD 10 5.32 12.37 9.43 2.47 
Df 10 963.83 1035.32 1004.09 26.52 
Pf 10 −1.08 2.09 −9.30E-17 0.93 
VTL 10 14.59 17.42 16.34 0.83 

Low Current Health 
Status 

F1 10 457.91 516.21 488.52 20.24 
F2 10 1598.07 1738.03 1638.69 45.16 
F3 10 2533.60 2783.71 2649.24 78.64 
F4 10 3384.46 3807.01 3559.80 138.54 
fo 10 88.15 174.71 114.20 14.54 
fo-SD 10 6.75 34.31 14.54 9.45 
Df 10 975.52 1096.93 1023.76 39.43 
Pf 10 −0.85 1.77 9.99E-17 0.79 
VTL 10 15.39 16.91 16.34 0.48 

1 Note. The algorithm for computing apparent VTL by Stevens (1998) is cor-
related with the measure of apparent VTL created by Reby and McComb (2003) 
and used by Pisanski et al. (2014) at r = 0.80. The results of Study 2, in which 
apparent VTL is used as a predictor and an outcome variable, are unaffected by 
choice of apparent VTL algorithm. 

2 Note: this results in the removal of n = 7 from the men who reported having 
relatively good health and n = 7 from the men who reported having relatively 
poor health. 
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For all regressions, listener and speaker identity were random effects. 
The category of the voice, higher or lower self-reported health, was the 
fixed effect. Participants' ratings of speakers' health, disease resistance, 
illness frequency and symptom severity were the dependent variables in 
four separate linear mixed effects models. We conducted two linear 
mixed effects models in which women's attractiveness ratings served as 
the dependent variable and two linear mixed effects models in which 
men's dominance ratings served as the dependent variable. To assess 
the amount of variance explained by our fixed and random effects, we 
computed Pseudo R2 using the r.squaredGLMM function of from the 
Multi-Model Inference (MuMIn) package (Barton & Barton, 2019). 

6.4. Results 

The fixed effect of health status approached but did not achieve 
conventional levels of statistical significance for listeners' health 
(b = 0.42, SE = 0.23, t = 1.84, p = .08), disease likelihood, (b = 0.33, 
SE = 0.17 t = 1.93, p = .07) and illness frequency ratings, (b = 0.36, 
SE = 0.19 t = 1.86, p = .08). In contrast, listeners' symptom severity 
ratings did not approach conventional levels of statistical significance 
(b = 0.22, SE = 0.16 t = 1.37, p = .19). Health status did not sig-
nificantly predict women's ratings of speakers' attractiveness for either 
long-term (b = 0.51, SE = 0.32 t = 1.60, p = .13) or short-term re-
lationships (b = 0.42, SE = 0.25, t = 1.70, p = .11). However, men 
assigned significantly higher physical (b = 0.86, SE = 0.25, t = 3.49, 
p  <  .001) and social dominance ratings (b = 0.62, SE = 0.18, 
t = 3.45, p  <  .001) to voices of relatively healthier men. The total 
proportion of variance explained by both the fixed and random effects 
for our models range between 13.21% to 36.51%; however, when only 
the fixed effect of health status was considered, the total proportion of 
variance explained ranged between 0.34% and 4.83%. Please see Table 
S1 for a report of the Pseudo R2 for the fixed and random effects in all 
models and Table S2 for the variance and standard deviations of the 
random effects. 

6.5. Discussion 

Men assigned greater physical and social dominance ratings to the 
voices of male speakers' in the highest decile of self-reported health, but 
listeners did not assign significantly higher health-based ratings to these 
voices. However, their ratings of health, disease likelihood and illness 
frequency approached conventional levels of statistical significance. 
Unexpectedly, women did not rate the voices of healthier men as 
sounding more attractive; however, men did rate the voices of men in 
the highest decile of health as sounding more dominant. 

In Study 2, we improve upon and extend Study 1 in several ways. First, 
we use a larger sample of speakers (n = 108), allowing us to look for 
relationships between listener-rated health and self-reported health among 
a more representative sample of male speakers, rather than restricting our 
sample to the top and bottom decile of speakers. Second, given the large 
number of vocal samples, we sought to simplify the raters' task by reducing 
the dimensions on which they assessed the voices from 6 to 2. In Study 1, 
the rating categories (i.e., current health, disease likelihood, illness fre-
quency, and symptom severity) represented different but overlapping 
components of health; however, in Study 2, we updated our rating cate-
gories to tap a state/trait distinction. Specifically, current health reflects 
whether the speaker is currently ill (i.e., a state description), whereas 
disease resistance reflects whether the speaker is vulnerable to illness in 
general (i.e., a trait description). Third we included additional acoustic 
measures, fo-CV and HNR, in our analysis (Kreiman & Gerratt, 2003; Li & 
Jo, 2004). Finally, we included measures of speakers' self-reported health 
so that we could test for relationships between acoustic parameters and 
self-reported health (Fig. 1B). Previous investigations have found that 
listeners do not rely on jitter or shimmer when classifying a voice as pa-
thological (Kreiman & Gerratt, 2003), thus we elected not to include 
measures of jitter and shimmer. 

7. Study 2 

7.1. Methods 

7.1.1. Participants 
One hundred fifty-six participants (80 females; aged 19 to 35, 

Mage = 24.21, SDage = 2.44) were recruited in the same way as Study 1. 
Reported ethnicities were: Caucasian (54.5%), South Asian (21.2%), 
Multiple Ethnicities (9.9%), Black (9.6%), Asian (7.1%), Latin 
American (6.4%), South East Asian and Arab West/Asian (< 1%). 

7.1.2. Stimuli and materials 
The stimuli for the study were the voice recordings of all 108 men 

from Arnocky et al. (2018). Please see Study 1 for a description of the 
sample, voice recording procedure, and acoustic analysis. The average 
intensity of presentation for the recordings was 56.53 dB (SD = 4.71). 

7.1.3. Procedure 
Recruitment procedures and participant instructions for completing 

the voice rating experiment were the same as in Study 1. Participants 
completed two blocks of 108 trials of the voice-rating task. For each 
block, participants listened to all 108 voices and rated them using a 9- 
point Likert-type scale. They assessed the current health and the disease 
resistance of each speaker. Prior to each block, participants were pro-
vided with definitions of current health and disease resistance. We 
defined a person with good current health as someone who “feels 
healthy and is judged to be healthy by doctors, meaning they are not 
currently ill”, and a person with high disease resistance was described 
as someone who “has a body that resists illness well, so they get sick less 
often than other people”. We generated these definitions based on our 
inspection of the item content of the current health and disease re-
sistance subscales of the HPQ-II (Ware, 1976). Both the presentation of 
all voice recordings within each block and the block presentation order 
was fully randomized. 

7.1.4. Data analysis 
Data screening procedures were the same as in Study 1. We com-

puted means for the respondent's ratings of current health and disease 
resistance for all 108 recordings. Because of the high correlation be-
tween listeners' mean current health and disease resistance (r(108) 
=0.89, p  <  .001), we computed the average of these variables and 
used it as a dependent variable in our regression analysis. 

7.1.5. Analytic plan 
We conducted a multiple linear regression in which we entered fo, 

fo-CV, HNR and apparent VTL as predictors for participants health- 
based ratings. We expected fo, and fo-CV to negatively predict health 
ratings, and apparent VTL and HNR to positively predict health ratings. 
Additionally, we conducted regressions evaluating the relationship 
between speakers' self-reported health with their vocal characteristics, 
as well as regressions evaluating relationships between speakers' self- 
reported health and listeners health estimates. For all regressions, we 
used the lm function in stats package. 

7.2. Results 

7.2.1. Speakers' fo predicted listeners' health ratings 
First, we entered the four acoustic variables (fo, apparent VTL, fo-CV, 

HNR) into a multiple regression as predictors of listeners' health-based 
ratings. Results of this linear regression (Table S3) indicated that fo (b = − 
0.006, β = − 0.22, SE = 0.002, t = −2.12, p = .04) was a significant 
negative predictor of listeners' health-based ratings (see Fig. 2). Whereas, 
neither fo-CV(b = − 0.50, β = 0.10, SE =0.56, t = 0.90, p = .37), HNR 
(b = − 0.41, β = − 0.08, SE = 0.58, t = − 0.70, p = .49) nor apparent 
VTL (b = − 0.04, β = −0.09, SE =0.05, t = −0.87, p = .38), were 
significant predictors of listeners' health-based ratings. 
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7.2.2. Speakers' self-reported health did not predict acoustic characteristics 
Next, we conducted four multiple regressions in which we tested if 

men's self-reported current health and their disease resistance predicted 
fo, apparent VTL, fo-CV, or HNR. Please see Models 10 to Model 17 in 
Table S3. 

7.2.3. Speaker's self-reported health did not predict listeners' health ratings 
Finally, we conducted a multiple linear regression in which men's 

self-reported current health and disease resistance were entered as 
predictors of listeners' ratings of speakers' health. Neither men's self- 
reported current health (b = 0.07, β = 0.11, SE = 0.07, t = 0.96, 
p = .33) nor self-reported disease resistance (b = −0.07, β = − 0.11, 
SE = 0.07, t = − 0.95, p = .34) predicted listeners' health ratings. The 
proportion of variance explained by the predictors was less than 1% 
(Table S3, Model 18). 

7.3. Discussion 

Overall, results from Study 2 do not support the hypothesis that 
listeners can judge speakers' health from men's voice recordings. 
Interestingly, listener-rated health was associated with lower fo; how-
ever, these effects were relatively small. The relationship between 
speaker's fo and self-reported disease resistance trended in the expected 
direction. The findings from Study 2 suggest that fo is not a robust signal 
of health but may bias listeners to assign higher health to those with 
lower fo. The primary purpose of Study 3 was to bolster the findings of 
Study 2 by investigating if experimentally manipulating fo or apparent 
VTL affected listener ratings of speakers' health, attractiveness, or 
dominance. 

8. Study 3 

8.1. Methods 

8.1.1. Participants 
Eighty-seven participants (44 females) aged 19 to 54, Mage = 32.95, 

SDage = 7.60) completed a voice rating task and a questionnaire. The 
study was administered via Qualtrics and participants were recruited 
through MTurk. Reported ethnicities were Caucasian (71.8%), South 
Asian (10.6%), Black (8.2%), Asian (7.1%), Latin American (1.2%), 
South East Asian (1.1%), and Multiple Ethnicities (< 1%). 

8.1.2. Stimuli/materials 
Voice recordings were sorted according to participants' mean scores 

for the current health status subscale of the HPQ II. We selected the 
highest quality recordings from four men whose current health status 
scale scores fell closest to the median (M current health = 3.73) 

Using Praat's Pitch Synchronous Overlap and Add (PSOLA) 

algorithm (Boersma & Weenink, 2014), we created lowered and raised 
fo versions of each of the four voice recordings of the men speaking the 
five monophthong vowel sounds. Lowered fo versions of each recording 
were created by lowering the fo of the original speaker's voice by 0.5 
equivalent rectangular bandwidths (ERBs), or approximately 20 Hz. 
Raised fo versions of each of the four voice recordings were created by 
raising the fo of the original speaker's voice by 0.5 ERBs (Feinberg et al., 
2005). 

We used Praat to manipulate apparent VTL (cf., Feinberg et al., 
2011). Two versions of each of the original voice recordings were 
created by altering the apparent VTL by 10%. We altered vocal tract 
qualities by resampling the sound by ± 10% of the original rate as a 
way to raise or lower all frequencies by 10%. Then, we overrode the 
new sampling rate with the original sampling rate to restore the 
duration of the recording to its original value, while leaving all fre-
quencies raised or lowered (Feinberg et al., 2011). This manipulation 
produced a significant difference in the third, t(3) = − 8.90, p = .003, 
and the fourth, t(3) = − 3.62, p = .036, formants, but not the first or 
second formants (ps  >  0.05). The mean apparent VTL of voice re-
cordings with increased VTL was 16.88 cm, whereas the mean apparent 
VTL of voice recordings with decreased VTL was 15.32 cm, t 
(3) = 17.11, p  <  .001. As in Study 1, we equalized the Root Mean 
Square (RMS) intensity for all recordings to ensure that they were 
presented with equal loudness. The average intensity of presentation for 
the recordings was 63.74 dB (SD = 0.07). See Table 2 for pitch and 
formant characteristics of manipulated voice stimuli. 

8.1.3. Procedure 
After reporting age, ethnicity, sex, sexual orientation, and 

Fig. 2. Line graph depicting the relationship between listener’s health ratings 
(y-axis) with speakers fo (x-axis). 

Table 2 
Descriptive statistics men's voice recordings with lowered and raised fo and 
apparent VTL.           

N Min. Max. Mean SD  

Masculinized F1 4 506.72 556.89 531.730 21.31 
F2 4 1405.90 1536.80 1484.16 58.77 
F3 4 2546.80 2614.70 2584.27 34.43 
F4 4 3295.50 4030.60 3639.40 328.33 
fo 4 78.00 119.00 94.41 10.05 
fo-SD 4 6.77 13.51 10.05 2.80 
Df 4 923.69 1163.91 1035.89 110.587 
Pf 4 −0.35 0.72 6.52E-16 0.49 
VTL 4 15.61 17.22 16.55 0.75 

Feminized F1 4 494.08 545.93 529.76 24.35 
F2 4 1409.74 1543.45 1488.89 63.67 
F3 4 2530.30 2601.80 2571.36 35.12 
F4 4 3119.00 4328.90 3616.00 533.62 
fo 4 84.14 166.96 130.94 14.56 
fo-SD 4 12.50 18.10 14.56 2.66 
Df 4 857.69 1261.40 1028.75 178.44 
Pf 4 −0.40 0.76 −1.87E-15 0.52 
VTL 4 15.10 17.90 16.65 1.18 

Increased VTL F1 4 476.52 568.13 522.97 40.99 
F2 4 1371.19 1675.40 1514.93 157.78 
F3 4 2413.70 2565.30 2486.48 67.19 
F4 4 3231.70 4000.20 3542.28 328.42 
fo 4 80.20 164.12 102.48 13.43 
fo-SD 4 7.94 21.14 13.43 5.98 
Df 4 887.86 1165.71 1006.43 118.47 
Pf 4 −0.24 0.40 - 3.47E-16 0.30 
VTL 4 16.39 17.15 16.88 0.34 

Reduced VTL F1 4 537.93 576.22 566.14 18.81 
F2 4 1549.43 1663.50 1605.230 51.67 
F3 4 2804.90 2858.50 2831.43 22.37 
F4 4 3745.50 4074.50 3885.03 153.42 
fo 4 93.11 153.71 124.14 13.97 
fo-SD 4 11.27 18.88 13.97 3.59 
Df 4 1056.76 1166.09 1106.29 52.94 
Pf 4 −0.71 0.78 −2.03E-15 0.67 
VTL 4 14.87 15.60 15.320 0.32 
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relationship status, participants listened to the 16 voices one at a time 
and rated how healthy each of the speakers sounded, how likely each 
speaker was to get a disease, how frequently each speaker got sick, and 
how severe the symptoms of each speaker were when they did get sick. 
Heterosexual women rated the attractiveness of each speaker for a 
short-term and long-term romantic relationship. All men, regardless of 
sexual orientation, rated physical and social dominance. 

8.1.4. Data screening 
Data screening procedures were the same as Study 1. Due to an 

experimenter error, the incorrect question was presented to listeners for 
two of the trials within the block in which listeners rated speakers' 
disease likelihood and were therefore excluded. These two trials were 
both of men's voice recordings with raised fo. 

8.1.5. Analytic plan 
The analytic plan was like Study 1. We conducted mixed effects 

linear regressions using lmer function from the package, lme4 (Bates 
et al., 2015). We used listener and speaker identity as random effects in 
all models. Voice manipulation (either manipulated fo or apparent VTL) 
was the fixed effect. Participants' ratings of speakers' health, disease 
resistance, illness frequency and symptom severity were the dependent 
variables. We conducted four linear mixed effects models testing whe-
ther fo or apparent VTL manipulation effected heterosexual women's 
attractiveness ratings. Another four linear mixed effects models testing 
whether these manipulations effected men's dominance ratings. We 
computed Pseudo R2 in the same way as in Study 1. 

8.2. Results 

8.2.1. fo manipulation 
Listeners rated lowered fo versions of the recordings as sounding 

healthier (b = 0.46, SE = 0.13, t = 3.44, p  <  .001), less likely to get a 
disease (b = 0.56, SE = 0.14, t = 3.97, p  <  .001), to experience 
illness less frequently (b = 0.47, SE = 0.14, t = 3.50, p  <  .001), and 
to experience less severe symptoms when ill (b = 0.63, SE = 0.15, 
t = 4.35, p  <  .001) (see Fig. 3). In line with previous research (e.g.,  
Feinberg, DeBruine, Jones, & Perrett, 2008; Puts, 2005), heterosexual 
women rated these voices as more attractive for both long-term 
(b = 1.31, SE = 0.45, t = 2.89, p = .02) and short-term relationships 
(b = 1.19, SE = 0.28, t = 6.57, p = .02). Men assigned higher physical 
(b = 1.24, SE = 0.43, t = 2.89, p  <  .001) and social dominance 
(b = 1.04, SE = 0.18, t = 5.72, p  <  .001) scores to men's voices with 
lowered fo, replicating the results of previous research (e.g., Puts et al., 
2006; Puts et al., 2007). The total proportion of variance explained by 
both fixed and random effects for our models ranged from 19.09% to 
39.76%; whereas when only the fixed effect of fo manipulation was 
considered, the total proportion of variance explained ranged from 
1.11% to 9.54%. Please see Table S4 for the Pseudo R2 for fixed and 
random effects in all models and Table S5 for variance and standard 
deviations of random effects. 

8.2.2. Apparent VTL manipulation 
Listeners rated recordings with longer apparent VTL as sounding 

less likely to get a disease (b = − 0.40, SE = 0.15, t = − 2.73, 
p = .01). These recordings were not rated as sounding healthier (b = − 
0.07, SE = 0.15, t = − 0.45, p = .65) or as belonging to individuals 
who experienced illness less frequently (b = − 0.09, SE = 0.15, t = − 
0.62, p = .45) or experienced less severe symptoms when ill (b = − 
0.27, SE = 0.16, t = − 1.68, p = .09). Women rated these recordings 
as sounding more attractive for both long-term (b = 0.95, SE = 0.37, 
t = 2.56, p = .03) and short-term (b = 1.33, SE = 0.46, t = 2.88, 
p = .02) relationships. Men assigned significantly higher physical 
(b = 2.02, SE = 0.21, t = 9.69, p  <  .001) and social dominance 
(b = 1.44, SE = 0.21, t = 6.91, p  <  .001) ratings to recordings of 
men's voices with longer apparent VTL, replicating the results of 

previous research. The total proportion of variance explained by both 
fixed and random effects for our models ranged from 4.57% to 38.54%; 
whereas when only the fixed effect of health status was considered, the 
total proportion of variance explained ranged from 0.04% to 17.59%. 
Please see Table S6 for a report of Pseudo R2 for fixed and random 
effects in all models and Table S7 for variance and standard deviations 
of the random effects. 

8.3. Discussion 

We found that manipulating fo affected listeners' perceptions of 
health, such that they assigned higher health-based ratings to lowered 
voice recordings. In line with previous investigations, heterosexual 
women rated men's voices with lowered fo as more attractive. Men rated 
men's voices with lowered fo as sounding more dominant. The same 
pattern did not emerge for the apparent VTL manipulation. Women 
rated recordings of men's voices with increased apparent VTL as more 
attractive, and men rated these recordings as sounding more dominant. 

9. General discussion 

Researchers have posited that women's preferences for men's lower- 
pitched voices reflect a preference for mates in good health (e.g.,  
Feinberg, 2008; Jones et al., 2010), whereas men use the voices of other 
men to assess speakers' condition, and therefore threat potential (Sell 
et al., 2010; Hodges-Simeon et al., 2013; Hodges-Simeon et al., 2015; 
Puts, et al., 2012). However, to our knowledge, no study has in-
vestigated if listeners can accurately assess speakers' health from their 
voices. This reflects a critical gap in the literature. Based on the ICHH 
(Folstad & Karter, 1992; Hamilton & Zuk, 1982; Kokko, 1997; Kokko 
et al., 2003; Muehlenbein & Bribiescas, 2005; Wedekind & Folstad, 
1994), and direct-benefits explanations (Able, 1996; Tybur & 
Gangestad, 2011; Allaire, 1988; Altschuler & Dale, 1999; Drotar, 1994;  
Thore, 1990; Tybur & Gangestad, 2011; Roberts & Little, 2008), we 
would expect listeners' to be able to judge health accurately, and to use 
T-linked characteristics of speakers' voices in their assessments. 

The results of the above investigation are mixed. In Study 1, lis-
teners did not assign higher health ratings to voice recordings provided 
by men with higher current health. Moreover, women did not rate these 
men's recordings as sounding more attractive. However, men rated 
these voice recordings as sounding more dominant, which may suggest 
that male listeners perceive the voice of men with higher self-reported 
health as belonging to physically stronger men. This may suggest that 
listeners' dominance assessments may index the health and condition of 
the speaker; however, future research is required to test this hypothesis. 
Because our sample of speakers represented the extremes of self-re-
ported health (i.e., the top and bottom 10%), we followed up with a 
second study using a larger, more representative sample of men. We 
tested for linear relationships between speakers' acoustic character-
istics, listeners' health ratings, and speakers' self-reported current health 
and disease resistance ratings. Study 2 also failed to show a relationship 
between self- and listener-reported health. Together these findings 
suggest that the voice may not reveal information about actual health in 
young men, at least when listeners are asked to make health-based 
ratings. Men did, however, rate the voices of men with better self-re-
ported health as sounding more dominant, suggesting that male lis-
teners' may base their dominance assessments on speakers' condition. 

Our second aim was to assess the relationship between speakers' 
self-reported health and various acoustic dimensions of their voice (see  
Fig. 1B). Although not statistically significant, the relationship between 
men's fo and self-reported disease resistance trended in the predicted 
direction, such that those with lower fo reported higher resistance to 
disease. We found no other association between speakers' voice para-
meters and their health. Our third aim was to assess if listeners use 
aspects of the voice in their perceptions of health (see Fig. 1C). Both 
Study 2 (using a correlational design) and Study 3 (using an 

G. Albert, et al.   Evolution and Human Behavior xxx (xxxx) xxx–xxx

7



experimental design) showed that lower fo was significantly associated 
with health ratings. We found a significant negative relationship be-
tween speakers fo and listeners' health ratings, suggesting that men with 
lower-than-average fo are perceived by listeners as healthier; however, 
the portion of variance in listeners' ratings of health explained by fo was 
small and future investigations will be needed to replicate this finding. 
Longer apparent VTL, lower fo-CV and higher HNR did not predict 
higher health ratings. Thus, while both formants and fo affect dom-
inance and attractiveness judgments, only fo appears to consistently 
affect health judgments. 

Why fo—but not VTL—should affect health perceptions is unclear. 
While an “attractiveness halo” for fo may partially explain these 

findings, the lack of relationship between VTL and health assess-
ments—given its effects on attractiveness and dominance—requires 
additional explanation. Signaling theory predicts that selection should 
act not only on signalers, but also on receivers to detect, on average, 
fitness-relevant information from conspecifics (Grafen, 1990; Laidre & 
Johnstone, 2013; Maynard-Smith, J.,& Price, G. R., 1973; Searcy & 
Nowicki, 2005; Zahavi, 1975, 1977). The source-filter theory of speech 
production (Fant, 1960) suggests that the vocal folds and tract length 
are largely independent and, by extension, may provide different types 
of information to receivers. The vocal folds (and therefore fo) are more 
closely associated with T than is the vocal tract (and therefore the 
formants; Markova et al., 2016). For instance, whereas exogenous T 

Fig. 3. Violin plot with nested boxplot, comparing listeners' health-based ratings for men’s voices with raised and lowered fo.  
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therapy partially affects vocal tract resonances among transgender 
males, fo shows almost complete masculinization (Hodges-Simeon 
et al., 2020). Further, fo is more sexually dimorphic in humans than in 
other extant apes (Puts et al., 2016) and, in humans, is more strongly 
affected by aging than are formants (Eichhorn, Kent, Austin, & 
Vorperian, 2018; Reubold, Harrington, & Kleber, 2010). 

Estimates of VTL, on the other hand, more closely map onto body 
size. Because the sex difference in stature is between 7 and 8% (Gaulin 
& Boster, 1985; Gray & Wolfe, 1980), the pubertal descent of the larynx 
likely contributes to the approximately 15% difference between adult 
males and females in formant frequencies (Fant, 1960; Fitch & Giedd, 
1999). Formant-based measures have been inconsistently related to 
speakers' height (Bruckert et al., 2006; Pisanski et al., 2014; Pisanski & 
Bryant, 2016) and weight (Evans, Neave, & Wakelin, 2006; Pisanski & 
Bryant, 2016), but are better predictors of variation in speaker body- 
size than is fo (Pisanski et al., 2014). However, formant-based measures 
explain only approximately 10% of the variation in height within sexes 
(Pisanski et al., 2014). Additional variation may be explained by T 
exposure during development (Hodges-Simeon et al., 2013; Hodges- 
Simeon et al., 2015), though more research is needed. 

10. Limitations and future directions 

First, we used one self-reported measure, current health (Ware, 
1976), with several subscales, to characterize speakers' physical health. 
It is unclear, however, whether speakers' self-reported health is a reli-
able measure of their actual health, or if health can be quantified on a 
single continuum. Error may be introduced during memory retrieval 
processes and/or with self-presentation bias. Furthermore, men may be 
inaccurate at knowing or reporting their actual physical health, and 
future investigations may utilize biomarkers of immunity (e.g., Arnocky 
et al., 2018). Previous research has provided evidence of a link between 
masculine morphology in men and their immunocompetence (Arnocky 
et al., 2018; Foo et al., 2020; Phalane et al., 2017; Rantala et al., 2012;  
Skrinda et al., 2014; Zaidi et al., 2019). Although earlier investigations 
have relied on a single measure of immunity (Rantala et al., 2012;  
Skrinda et al., 2014) when exploring relationships between secondary 
sexual characteristics and health, recent work has begun to use multiple 
measures (Foo et al., 2020). For example, Foo et al. (2020) found that 
aspects of adolescent males' antibacterial and cell-mediated immunity 
predicted 3D measures of their facial masculinity in adulthood. Like 
Foo et al., future investigations testing for relationships between 
sexually dimorphic vocal parameters and measures of health could 
benefit from obtaining multiple objective measures of physical health 
and grouping them using dimension reduction techniques, such as 
principle component analysis, before testing whether these components 
predict sexual dimorphic vocal parameters. 

Future studies would also benefit from utilizing additional theore-
tically informed measures. For example, one of our subscales, perceived 
disease resistance, should be a better means of testing the hypotheses 
generated from the ICHH than other subscales, because it may reflect 
participants' overall perception of the strength of their immune system. 
Study 2 showed a marginally significant association between fo and 
disease resistance. The failure of this relationship to reach statistical 
significance suggests that our sample may be under-powered to detect 
this (likely small) effect, and future investigations should therefore 
gather data from larger samples. 

Second, the ICHH posits that, because T is immunosuppressive, only 
males whose immune system is strong enough to withstand its immune- 
suppressive effects can develop robust secondary sexual characteristics. 
Critically, in order to test ICHH-based hypotheses, it is necessary to 
quantify health during sexual maturation and then to measure variation 
in secondary sexual characteristics in adulthood. Currently, most stu-
dies testing the ICHH quantify secondary sexual characteristics and 
immune function following sexual maturation (e.g., Arnocky et al., 
2018, Skrinda et al., 2014; Rantala et al., 2012; but see Foo et al., 2020;  

Hodges-Simeon et al., 2015; and Hodges-Simeon et al., 2020 for ex-
ceptions). Therefore, future investigations should use a longitudinal 
design and measure immune function in adolescence and sexually di-
morphic vocal parameters with the attainment of sexual maturation. 

Third, and related to the previous two limitations, both listeners and 
speakers were drawn exclusively from a healthy, WEIRD (Western, 
educated, industrialized, rich and democratic) population (Gurven & 
Lieberman, 2020; Henrich et al., 2010). Individuals from WEIRD po-
pulations are in better health than individuals living in environments 
with high pathogen loads and little to no access to modern medicine or 
health infrastructure (DeBruine, Jones, Crawford, Welling, & Little, 
2010; Gangestad & Buss, 1993; Gurven, Kaplan, Winking, Finch, & 
Crimmins, 2008; Gurven & Lieberman, 2020). In addition, it may be the 
case that, after a sufficient amount of energy is allocated to immune 
function, the remainder can be allocated to signal quality, obscuring the 
link between signal quality and condition in populations with low im-
munological burden (Kokko, 1997). Therefore, future investigations 
should obtain voice recordings, health, and hormonal datafrom 
speakers living in a wide range of environments (e.g., Hodges-Simeon 
et al., 2015; Hodges-Simeon et al., 2019). For example, women from 
WEIRD populations may be less sensitive to cues of health in pro-
spective mates than women living in environments with high pathogen 
load. Indeed, women living in environments with higher pathogen 
loads rate masculinized faces and voices as more attractive than women 
living in environments with access to modern medicine (Penton-Voak, 
Jacobson, & Trivers, 2004; Little, Apicella, & Marlowe, 2007; but see  
Brooks et al., 2011 and Scott et al., 2014). 

Fourth, in future investigations we will seek to improve upon the 
stimuli in several ways. Using standardized sentences, such as the 
rainbow passage (Fant, 1960), rather than vowels, may provide lis-
teners with more acoustic information, which they can use to make 
their health assessments. In the current investigation, speakers sat 
20 cm from a Samson Meteorite USB Condenser microphone when 
making their recordings. In order to standardize speakers' distance in 
future investigations, we will use a head-mounted microphone. Al-
though the apparent VTL shift of 10% has been demonstrated to be 
perceptible (the just-noticeable-difference of formant shifts is around 
6%; Pisanski & Rendall, 2011), this resulted in a 1.5 cm apparent VTL 
change, which is within the average length for young men and longer 
than the average length for young women (Fitch & Giedd, 1999). It is 
possible that our manipulation of apparent VTL may have been too 
subtle to produce an effect on health ratings. Future studies should 
manipulate fo and VTL by similar perceptual amounts (see Puts et al., 
2007) 

Fifth, we examined only four acoustic parameters and experimen-
tally manipulated only two. Future investigations may benefit by cov-
ering a broader set of acoustic variables. Just as health and im-
munocompetence are multidimensional and difficult to capture using 
single measures, vocal indicators of health may be many. A wide variety 
of illness and disease symptoms include dysphonia, the catchall term for 
auditory-perceptual symptoms of voice disorders (Chan, 2010; Heman- 
Ackah et al., 2002; Li & Jo, 2004; Millqvist et al., 2008; Parsa & 
Jamieson, 2001). Acoustic measurements are just one component of 
dysphonia (American Speech-Language-Hearing Association (ASHA), 
2020), but offer a desirable level of objectivity. In addition to those 
parameters used in the present research, speech rate, jitter, shimmer, 
spectral tilt and cepstral peak prominence (CPP) have been used in 
dysphonia indices (e.g., Maryn, De Bodt, Barsties, & Roy, 2014; Wuyts 
et al., 2000), and often worsen with age and poor health. For example, 
speakers who are perceived as old produce speech at a significantly 
slower rate (Harnsberger et al., 2008) and speak with increased levels 
of jitter and shimmer (Linville, 1996; Orlikoff, 1990). Moreover, older 
men with chronic disease, such as atherosclerosis, have a greater range 
of jitter values than healthy older men (Orlikoff, 1990). CPP, a measure 
of relative amplitude, has been demonstrated to be a useful acoustic 
parameter for the classification of pathological voices (Castellana, 
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Carullo, Corbellini, & Astolfi, 2018), and may be more reliable than 
jitter and shimmer (Heman-Ackah et al., 2003). 

Sixth, the obtained rating patterns could reflect a halo effect. Past 
research has demonstrated that listeners' rate men's voices manipulated 
to have lower fo as sounding larger, more masculine, and more at-
tractive (Feinberg et al., 2005; Pisanski, Mishra, & Rendall, 2012;  
Pisanski & Rendall, 2011). Listeners' ratings of speakers' health, disease 
likelihood, illness frequency and symptom severity, may not be in-
dependent from each other or men's ratings of speakers' dominance or 
women's ratings of speakers' attractiveness (Pisanski et al., 2012;  
Pisanski & Rendall, 2011). Future investigations should attempt to 
disentangle the extent to which listeners' health ratings of male 
speakers' voices reflect a tendency to assign positive characteristics to 
voices with lower than average fo. 

11. Conclusions 

Many researchers have assumed that low-pitched men's voices are 
judged to be attractive and dominant because they cue the speakers' 
superior condition. However, to our knowledge no study has assessed 
whether individuals can accurately assess speakers' health from their 
voices. Overall, our results suggest that individuals may rely on fo of 
voices when judging speakers' health, even though fo does not reliably 
cue the self-reported health of speakers. This research adds to vocal 
attractiveness and dominance research by demonstrating that voices 
with experimentally lowered fo are rated as sounding healthier. We 
replicate the finding that women rate these voices with lowered fo as 
more attractive and men rate them as more dominant. Future in-
vestigations should move beyond a single self-reported measure of 
health toward a more comprehensive quantification of physical health. 
Researchers should continue to investigate listeners' abilities to assess 
health from speakers' voices in order to determine if good genes models 
are sufficient to explain these preferences. 
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