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ABSTRACT 

The two primary cues to sound-source location on the horizontal plane are 

interaural time differences (ITDs) and interaural level differences (ILDs).  Here we asked 

whether the ability to discriminate small changes in each of these interaural cues differs 

between the sexes. We tested one group of males (n = 43) and females (n = 94) on ITD 

discrimination at 0.5 kHz and a separate group of males (n = 80) and females (n = 166) 

on ILD discrimination at 4 kHz. None of the participants had any prior experience with 

psychoacoustic tasks. Testing of each participant was completed in a single testing 

session of 4-5 blocks of 60 trials. For ILD discrimination, the overall mean threshold, as 

well as the mean threshold for each block, was statistically significantly lower for males 

than for females.  Despite that, males and females learned at an equal rate over the 

course of testing.  For ITD discrimination, in contrast, thresholds did not differ 

significantly between the sexes for the overall mean or for any block.  There also was 

no statistically significant learning across blocks for either sex. For both tasks and both 

sexes, the individual thresholds spanned a wide range. The presence of a statistically 

significant sex difference and learning for ILD but not for ITD discrimination, along with a 

larger effect size for ILD than for ITD discrimination, suggests that the factors 

responsible for these outcomes acted upon an ILD-specific neural pathway, and not 

upon an ITD-specific pathway, nor any pathway common to the two cues. Because the 

ILD and ITD specific pathways are most separable initially, the factors associated with 

sex and learning may have acted upon the ILD-specific pathway at an early stage. 

Key words:  sound localization; gender difference; within-session learning; ILD and ITD 

pathways; sound lateralization; human psychophysics; male advantage  
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HIGHLIGHTS 

 

• Interaural differences in time (ITDs) and level (ILDs) are sound-localization cues. 
 

• There is a sex difference for ILD, but not for ITD, discrimination. 
 

• The sex difference for ILD discrimination favors males. 
 

• There is within-session learning for ILD, but not for ITD, discrimination. 
 

• The learning on ILD discrimination does not differ between the sexes.  
 

• The factors responsible for these results likely act on an ILD-specific pathway. 
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1.  INTRODUCTION 

Processing information pertaining to the position and orientation of objects in 

space is a critical sensory and cognitive function. One factor that appears to influence 

spatial-processing ability in the visual domain is the sex of the observer.  There are 

numerous reports that, on average, males perform statistically significantly better than 

females on visual spatial tasks including mental-rotation tasks, spatial-perception tasks, 

and, in some cases, spatial visualization tasks (for meta analyses, see:  Linn and 

Petersen, 1985; Voyer, Voyer, and Bryden, 1995; Maeda and Yoon, 2013; Lauer, 

Yhang, and Lourenco, 2019). There are also a few initial indications that the male 

advantage in spatial abilities extends to the auditory domain for tasks that involve 

multiple sound sources, non-dominant sound-localization cues, or moving sounds.  For 

example, on average, males performed statistically significantly better than females on: 

(1) horizontal localization of a single sound source either amidst a multi-source, cocktail-

party-like, environment (Zündorf et al., 2011) or in the presence of a single distractor 

sound source at a different location (Lewald and Hausmann, 2013); (2) vertical 

localization of a sound source monaurally (in the right ear) (Lewald, 2004); and (3) the 

judgment of the terminal distance, the time of arrival, and the duration of looming sound 

sources (Schiff and Oldak, 1990; Neuhoff et al., 2009; Grassi, 2010). However, it is 

unclear to what extent sex differences are also present at the fundamental level of the 

initial processing of the individual cues used for sound-source localization. Here we 

begin to address this question by focusing on possible sex differences in the processing 

of the two primary cues for sound-source localization on the horizontal plane:  interaural 

time differences (ITDs) and interaural level differences (ILDs).  ITDs and ILDs arise 
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because a sound arrives earlier and often at a higher sound level at the ear that is 

closer to the sound source. These interaural differences vary systematically in 

magnitude as the horizontal position of the sound source changes. ITDs are the 

predominant sound-localization cue at frequencies below ~1600 Hz, while ILDs are the 

predominant cue at higher frequencies (Strutt, 1907; for an overview, see Middlebrooks, 

2015). We selected ITDs and ILDs for examination because localization on the 

horizontal plane is the primary function of spatial hearing in humans, and because there 

is an extensive literature on the processing of these cues. 

 

While both ITDs and ILDs contribute to the perception of sound-source location, 

the role that each cue plays individually is difficult to discern when sounds are in the 

free field, as in everyday life.  However, in the laboratory, the sensitivity to each cue can 

be assessed separately using stimuli presented over headphones.  In that case, the two 

cues can be manipulated independently, allowing the magnitude of one cue to vary 

while the magnitude of the other cue is fixed.  Under those circumstances, a sound 

image is perceived within the head, and its lateral position depends on the magnitude of 

the manipulated interaural difference. The smallest discernable change in the 

magnitude of the interaural difference in time (ITD) and in level (ILD) can then be 

evaluated individually. Hence, it is possible to assess sex differences for ITD 

discrimination and ILD discrimination separately. 

 

We are aware of only two previous reports of sex differences in ITD and ILD 

discrimination. First, in a meeting abstract, Langford (1994; see McFadden, 1998, Fig. 
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1, for data and additional description) noted that, on average, performance was better 

for males than for females for both ITD discrimination and ILD discrimination with 

bandpass noise. The mean ITD-discrimination threshold with a 0.6-0.8 kHz noise band 

was 86 μs for males, but was 113 μs for females. Similarly, the mean ILD-discrimination 

threshold with a 2-4 kHz noise band was 3.1 dB for males, but was 4.0 dB for females. 

However, while these results are indicative of sex differences, the sample sizes were 

relatively small (~25 per group), and it is not clear from either the meeting abstract or 

later description whether the sex differences were statistically significant.  

 

Second, Saberi et al. (2004) reported that, on average, performance was better 

for males than for females for interaural-difference discrimination with click stimuli. In 

that investigation, the data were pooled across ITD- and ILD-discrimination tasks by 

converting individual discrimination thresholds to z scores. The mean z scores were 

approximately one-quarter of a unit lower (better) for males than for females, both for 

isolated single clicks and for the second of two clicks presented in rapid succession. In 

each case, the sample size was large (n= 77 M and 225 F) and the sex difference was 

statistically significant (p < 0.05). However, because the data were pooled across the 

two interaural cues it is not possible to determine from the results provided whether 

those sex differences arose from differences in sensitivity between males and females 

for ITDs only, ILDs only, or for both cues.   

 

In sum, though previous reports point toward possible sex differences--favoring 

males--in the ability to discriminate small changes in interaural cues, the data in those 
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reports were either from a relatively small number of participants, or were not confirmed 

with statistical tests, or were not analyzed separately by cue. Therefore, we measured 

ITD- and ILD-discrimination thresholds in large groups of young adults, and, for each 

discrimination task (ITD or ILD), we compared thresholds between males and females. 

We examined ITD discrimination at 0.5 kHz (overall n=137) and ILD discrimination at 4 

kHz (overall n=246), thereby testing each cue within its own natural, dominant, 

frequency region of operation. None of the participants had any previous experience 

with psychoacoustic tasks, and we tested the two tasks in entirely different groups. That 

is, the participants who performed one task, did not perform the other.  Thus, for each 

task, the reported performance reflects naïve performance.  Participants completed 4-5 

blocks of testing trials so we evaluated sex differences based on both the mean 

threshold across blocks and the threshold for each individual block.  We also evaluated 

whether the thresholds improved across the individual blocks and whether any such 

learning differed between the sexes.  We report a statistically significant sex difference, 

favoring males, for ILD discrimination, but no statistically significant sex difference for 

ITD discrimination. We also report statistically significant learning for both sexes for ILD 

discrimination, but no statistically significant learning for either sex for ITD 

discrimination.  

 

2. METHODS 

2.1. Participants 

 A total of 383 young adults participated. Of those, 246 participants were tested 

on ILD discrimination (166 females and 80 males; mean age:  21.2 years, sd = 3.6, 
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range: 18 to 43 years, median 20 years) and 137 participants were tested on ITD 

discrimination (94 females and 43 males; mean age: 21.3 years, sd = 4.1, range: 18 to 

39 years, median 20 years). The greater number of female than male participants 

simply reflects the sex distribution of the population that responded to the recruitment 

fliers posted on the campus. The unequal numbers of males and females were taken 

into account in all of the analyses.  All participants self-reported normal hearing. None of 

the participants had any previous experience on psychoacoustic tasks.  All participants 

were paid for their participation.  The procedures were approved by the Northwestern 

University Office for the Protection of Research Subjects. 

 

2.2. Tasks and Stimuli  

The tasks were interaural-time-difference (ITD) discrimination and interaural-

level-difference (ILD) discrimination. For both tasks, on each trial, a standard stimulus 

and a comparison stimulus were presented. Each stimulus consisted of two pure tones 

of identical frequency presented, one to each ear, over headphones (Sennheiser 

HD265).  The resulting percept was of a sound image within the head.  The lateral 

position of the image was determined by the relative levels and phases of the two tones. 

Both tones were 300 ms in duration including 10-ms rise/fall cosine ramps, started and 

ended simultaneously, and had a nominal stimulus level of 70 dB SPL. The phase of the 

tone presented to the right ear was randomized across trials. 

 

For the ITD-discrimination task, the two tones had a frequency of 0.5 kHz and 

were always presented at 70 dB SPL to the two ears (an ILD of 0 dB). For the standard 
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stimulus, there was no phase difference between the tones presented to the two ears 

(an ITD of 0 µs), yielding a sound image on the midline. For the comparison stimulus, 

there was a phase difference between the tones presented to the two ears (comparison 

ITD; an ITD that was > 0 µs); the phase of the tone to the left ear was delayed relative 

to the phase of the tone to the right ear by the comparison ITD, yielding a sound image 

that was closer to the right ear.  The ITD was in the ongoing phase.  The envelope ITD 

was fixed at 0 µs. 

 

For the ILD-discrimination task, the two tones had a frequency of 4 kHz and were 

always presented in phase to the two ears (an ITD of 0 µs). For the standard stimulus, 

there was no level difference between the tones presented to the two ears (an ILD of 0 

dB); the two tones were presented at 70 dB SPL to both ears, yielding a sound image 

on the midline, midway between the two ears. For the comparison stimulus, there was a 

level difference between the tones presented to the two ears (comparison ILD; an ILD 

that was > 0 dB); the tone to the left ear was presented at 70 dB SPL minus 0.5 times 

the comparison ILD and the tone to the right ear was presented at 70 dB SPL plus 0.5 

times the comparison ILD (an ILD that was > 0 dB), yielding a sound image that was 

closer to the right ear. We divided the ILD magnitude between the two ears to reduce 

the size of the level change within a single ear with the aim of discouraging the use of a 

monaural absolute-level cue.  We chose not to use an alternative strategy of roving the 

overall stimulus level across observation intervals for three reasons. First, level roving 

can be distracting, particularly for naïve participants like here, which can increase the 

difficulty of the assigned task, and thereby potentially have a large unwanted impact on 
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the outcome.  Second, roving is intended to prevent participants from using an irrelevant 

cue, and the assumption in using roving is that participants actually ignore the irrelevant 

(roved) cue.  However, when participants are having trouble solving the assigned task, 

they sometimes systematically base their decisions on the irrelevant (roved) cue (Wright 

and McFadden, 1990; Wright and Saberi, 1999).  Third, level roving is not used 

consistently in the literature, and was not used in the previous published report of sex 

differences in ILD/ITD discrimination (Saberi et al., 2004; there is not enough 

information in the Langford, 1994, abstract to determine whether level roving was used).  

Therefore, not using level roving aids comparisons across investigations. 

 

Both tasks used a two-alternative forced-choice paradigm. On each trial, the 

standard stimulus and the comparison stimulus were presented in random order, with 

an inter-stimulus interval of 650 ms. Participants were asked to select which stimulus 

was farther to the right (the comparison stimulus) by pressing a key on a computer 

keyboard. Visual feedback (“Correct!!” or “Wrong”) was provided after each response. 

Before testing, participants were given examples of the standard stimulus and of a 

clearly discriminable comparison stimulus. All participants were tested in a sound-

attenuated booth. 

 

2.3. Threshold Estimation 

For both the ITD- and ILD-discrimination tasks, the discrimination threshold was 

estimated using a 3-down/1-up adaptive tracking procedure. In each block of 60 trials, 

the comparison ITD or ILD value decreased after every three consecutive correct 
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responses, and increased after each incorrect response. When the comparison value 

switched from increasing to decreasing or vice versa, the value at which the switch 

occurred was labeled a reversal. The first three or four reversals were discarded. The 

largest remaining even number of reversal values, denoted the ‘usable’ reversals, were 

then averaged to obtain an estimate of the threshold, which corresponded to a percent 

correct of PC=79.4% on the psychometric function (Levitt 1971).  Any block with fewer 

than seven total reversals was excluded from subsequent analyses.  For ITD 

discrimination, the starting value of the comparison ITD was 1 µs, and the step sizes 

were multiplications/divisions by 100.2 until the third reversal and by 100.05 for the 

remaining reversals (Saberi, 1995). The minimum allowed value was 1 µs.  The 

maximum allowed value was 650 µs, based on the typical largest naturally occurring 

time delay between the two ears in humans (e.g., Feddersen, Sandel, Teas and 

Jeffress, 1957). For ILD discrimination, the starting value of the comparison ILD was 6 

dB and the step sizes were 0.5 dB until the third reversal and 0.25 dB for the remaining 

reversals.  The minimum allowed value was 0 dB.  There was no constraint on the 

maximum value.  The starting values and step sizes were chosen to be consistent with 

previous investigations (Zhang and Wright, 2007; Zhang and Wright 2009; Ortiz and 

Wright, 2010).  A previous analysis of adaptive tracks for ITD and ILD discrimination 

obtained with these parameters revealed that, for both tasks, the final threshold 

estimates  were based on approximately equal numbers of usable reversals, obtained 

over approximately equal numbers of trials, and that the usable reversal values fell 

within a small range of the final threshold estimates. (Zhang and Wright, 2007).  Thus, it 
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appears that the different initial trajectories of the tracks for the two tasks did not 

strongly influence the reliability of threshold estimation.   

 

The vast majority of participants completed 4 or 5 blocks of trials (ILD: n=78 M, 

160 F; ITD: n=40 M, 89 F). A few participants completed only 2 or 3 blocks of trials (ILD: 

n=2 M, 6 F; ITD: n=3 M, 5 F).  The data of all of the participants were included in the 

analyses of the grand mean and individual thresholds.  Only the data of participants 

who completed 4 or 5 blocks of trials were included in the analyses of learning.  

 

3. RESULTS 

On average, males performed better than females for both ILD and ITD 

discrimination, but the sex difference was statistically significant only for ILD 

discrimination. For ILD discrimination, the mean threshold was statistically significantly 

lower (better) for males (n=80) at 4.6 dB (SE: 0.2 dB) than for females (n=166) at 5.3 dB 

(SE: 0.2 dB) (t-test for independent groups: T(149.92)=2.24; p= 0.0267; Cohen’s 

d=0.36; mean difference=0.68 dB, 95% confidence interval: 0.08 dB to 1.23 dB) (Fig. 

1A). The raw median, first-quartile, and third-quartile threshold values were also lower 

for males than for females; furthermore, all of the threshold values that were outliers 

(plus signs), reflecting the worst performance, were from females, and were higher than 

the worst performance from males (Fig. 1B; box plots). While there was a statistically 

significant male advantage for ILD discrimination, the individual thresholds spanned a 

wide, essentially overlapping, range in both groups:  from 1.4 to 10.2 dB in males and 

from 1.6 to 11.8 dB in females (Fig. 1B; circles). The mean threshold over all individuals 

regardless of sex (n=246) was 5.0 dB (SE: 0.1 dB). At a more detailed, block-by-block, 
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level, a 2-sex (n=78 M, 160 F, participants who completed at least 4 blocks, see 

Methods) by 4-block (blocks 1-4) ANOVA, with repeated measures on block, revealed a 

statistically significant main effect of sex (F(1,236)=7.26, p=0.0076, ηp
2=0.0298) and a 

main effect of block (F(3,708)=25.26, p=0.0000, ηp
2=0.0967), but no interaction between 

sex and block (F(3,708)=0.55, p=0.6473, ηp
2=0.0023) (Fig. 1C).   Thus, based on the 

current statistical analyses, males outperformed females on average, and both sexes 

learned at similar rates across blocks, so the magnitude of the male advantage 

remained unchanged across blocks. 

 

For ITD discrimination, while males performed better than females on average, 

unlike for ILD discrimination, the sex difference was not statistically significant.  All 

analyses of the ITD-discrimination thresholds were conducted on ITD thresholds in 

logarithmic units [10 log10(ITD in μs), where ITD is the threshold value in μs].  Where 

feasible in reporting, the logarithmic values are converted back to the more familiar units 

of raw μs.  The mean ITD-discrimination threshold was not statistically significantly 

different between males (n=43) at 64.3 μs (SE: 4.2 μs) and females (n=94) at 69.8 μs 

(SE: 4.5 μs) (t-test for independent groups: T(80.68)=0.7331, p= 0.4656; Cohen’s 

d=0.16; mean difference=0.36 in 10 log10(ITD in μs), 95% confidence interval: -0.61 to 

1.32 in 10 log10(ITD in μs))(Fig. 2A). Though the mean thresholds did not differ 

significantly, all three of the raw quartile values were numerically lower for males than 

for females (Fig. 2B; box plots).  Again, individual thresholds varied widely in both 

groups, ranging from 18.8 to 251.2 μs in males and from 13.3 to 304.1 μs in females 

(Fig. 2B; circles). The mean threshold over all individuals regardless of sex (n=137) was 
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68 μs (SE: 3.6 μs). At the block-by-block level, a 2-sex (n=40 M, 89 F, participants who 

completed at least 4 blocks, see Methods) by 4-block repeated-measures ANOVA 

revealed no statistically significant main effect of sex (F(1,127)=0.11, p=0.7356, ηp
2= 

0.0009), no main effect of block (F(3,381)=0.67, p=0.5714, ηp
2=0.0052), and no 

interaction between sex and block (F(3,381)=1.41, p=0.2402, ηp
2=0.0110) (Fig. 2C). 

Thus, based on the current analyses, neither the mean difference between the sexes, 

nor the learning across blocks for either sex, was statistically significant. 

 

4. DISCUSSION 

The primary outcome of the current study was that there was an overall 

statistically significant sex difference, favoring males, for ILD discrimination but no 

statistically significant sex difference for ITD discrimination.  In addition, there was 

statistically significant learning for ILD discrimination but no statistically significant 

learning for ITD discrimination, and the learning on ILD discrimination did not differ 

significantly between the sexes.  Here we first discuss performance variability in these 

results.  We then compare these results to previous reports of sex differences, first in 

ILD and ITD discrimination specifically, and then in auditory and visual spatial abilities in 

general. Finally, we consider potential implications of the distinctions in sex differences 

and learning between ILD and ITD discrimination. 

 

4.1. Performance variability 

While the present results document a statistically significant sex difference for 

ILD discrimination, and not for ITD discrimination, it is important to consider these 
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results in relation to the overall spread of the individual thresholds and the confidence 

interval for the sex difference for each task. For each task, the thresholds were spread 

across wide, essentially overlapping, ranges for both sexes: spanning approximately 1 

to 12 dB for ILD discrimination (Fig. 1B) and approximately 13 to 300 μs for ITD 

discrimination (Figs. 2B).  Thus, for each task, any actual mean threshold difference 

between the sexes was small relative to the range and variability within each sex.  This 

large variability and the large overlap should be kept in mind when interpreting the 

mean sex differences on these tasks in the current investigation.  For example, for ILD 

discrimination, although the sex difference was statistically significant, one cannot rule 

out the possibility that the actual effect could be negligible.  After all, the lower bound of 

the 95% confidence interval for the sex difference was only 0.08 dB, which would be 

negligible.  Similarly, for ITD discrimination, although the sex difference was not 

statistically significant, one cannot rule out the possibility that the actual effect could be 

nontrivial.  The upper bound of the 95% confidence interval was 1.32 in 10 log10(ITD in 

μs).  That translates to ITD thresholds for females being 1.35 times those for males, 

which would be a nontrivial sex difference favoring males. At the same time, the lower 

bound of the confidence interval was -0.61 in 10 log10(ITD in μs). That translates to ITD 

thresholds for females being 0.87 times those for males, which actually would be a sex 

difference favoring females, rather than males. Nevertheless, for ITD discrimination, the 

confidence interval for the sex difference clearly straddled zero, leading to no 

statistically significant sex difference, and the effect size (Cohen’s d = 0.16) was 

minimal.  For ILD discrimination, in contrast, the confidence interval did not straddle 

zero, leading to a statistically significant sex difference, and the effect size (Cohen’s d = 
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0.36) was between small (Cohen’s d = 0.2) and medium (Cohen’s d = 0.5) (Cohen, 

1988).  Moreover, the effect size for ILD discrimination was more than twice that for ITD 

discrimination. Taken together, there appears to be sufficient evidence in the current 

data of a measurable mean sex difference for ILD discrimination, but not for ITD 

discrimination. 

 

4.2. Comparison to previous reports of sex differences in ILD and ITD discrimination 

For ILD discrimination, the sex difference observed here appears to be 

consistent with that previously reported in the meeting abstract by Langford (1994; also 

see McFadden, 1998, Fig. 1). In both cases, the sex difference had the same valence 

(M>F) and was similar in magnitude (0.7 here vs. 0.9 dB for Langford). The similarities 

in the outcomes between the two reports are noteworthy given the many differences 

between the two investigations, such as in the number of participants (80 M and 166 F 

here vs. ~25 per group for Langford), the stimulus parameters (300-ms, 4-kHz tone here 

vs. 60-ms, 2-4 kHz narrowband noise for Langford), and the measurement procedures 

(two-interval forced-choice here vs. three-interval oddity for Langford). Thus, the sex 

difference in ILD discrimination seems to be robust. 

 

For ITD discrimination, the current data appears to differ from Langford’s (1994; 

also see McFadden, 1998, Fig. 1) report of a male advantage on that task. While the 

mean ITD-discrimination threshold was lower in males than females in both reports, the 

magnitude of the difference was larger for Langford (27 μs) than here (5.5 μs), 

suggesting that there is a discrepancy between the outcomes.  The apparent 
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discrepancy between the two outcomes could be attributable to any of the variety of 

differences between the two investigations.  For example, while we used a 0.5-kHz pure 

tone, Langford used a 0.6-0.8 kHz bandpass noise. Therefore, Langford’s participants 

could have used a cue based on the interaural delay of the amplitude envelope rather 

than a cue based on stimulus phase, a distinction that could lead to a sex difference if 

males also happen to be better at encoding amplitude envelopes than females. 

Likewise, while our participants were truly naïve to psychoacoustic tasks, it is uncertain 

whether Langford’s participants were. At a minimum, Langford’s participants also 

completed testing on ILD discrimination and their other experience with psychoacoustic 

tasks is unspecified. Therefore, Langford’s participants could have had an opportunity to 

learn on ITD discrimination between sessions (Ortiz and Wright, 2010) (if they had 

previous experience with ITD discrimination) or to generalize learning from ILD 

discrimination to ITD discrimination (Ortiz and Wright, 2010) (if they had previous 

experience with ILD discrimination). Those potential opportunities could lead to a 

statistically significant sex difference if males also happen to learn or generalize at a 

faster rate than females between sessions (even though the learning rate does not 

appear to differ between the sexes within sessions (Fig. 2C). The discrepancy could 

also come from other differences, such as in the stimulus duration (300-ms here vs. 60-

ms for Langford) or in the measurement procedures (two-interval forced-choice here vs. 

three-interval oddity for Langford).   

 

Finally, the present results are potentially consistent with the report of Saberi et 

al. (2004) of a male advantage in interaural discrimination for click stimuli.  The two 
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reports are consistent in the sense that, when we combined all of the data across the 

ILD- and ITD-discrimination tasks by converting all of the threshold values to z scores, 

as Saberi et al. did, there was a statistically significant male advantage (T(232.68)=2.24, 

p=0.0260; n=123 M, 260 F; Cohens d=0.27; mean difference=0.25 in z scores; 95% 

confidence interval:  0.030 to 0.46 in z scores), as Saberi et al. reported. However, 

because Saberi et al. only reported the results for the combined data, it is not possible 

to determine whether the sex difference they observed was carried by the ILD cue, like 

here, or instead was carried by the ITD cue, by both cues equally, or by neither cue 

alone. 

  

One factor that we did not monitor in the present investigation is the potential 

influence of the menstrual cycle on the discrimination performance of the females. 

There are several indications that performance on tasks involving interaural timing cues 

fluctuates over the course of the menstrual cycle. For example, in one report, sensitivity 

to binaural beats, a phenomenon associated with the tracking of interaural phase 

differences, was better overall in males (n = 20) than in females (n = 20), but it 

fluctuated over the course of the menstrual cycle in females, being worst during 

preovulation and best (reaching male performance) during premenstruation (Tobias, 

1965).  The fluctuation was initially noticed in a cross-sectional evaluation of the 20 

female participants and later evaluated longitudinally in 3 additional female participants.  

Similarly, in another report, ITD discrimination for pulse trains fluctuated over the course 

of the menstrual cycle being worst during the midluteal phase and best during 

menstruation (n = 9 females, tested longitudinally) (Haggard and Gaston, 1978).  In that 
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report, no sex difference was documented, because only females were tested, but the 

authors appear to have assumed that when the performance of females was best it was 

most male-like. Thus, it is possible that the sensitivity to ITDs, and, by extension, the 

sensitivity to ILDs, in the present group of females fluctuated during the cycle.  If so, that 

influence is obscured here because we did not track the cycle in these females. We 

note however that regardless of how much performance fluctuated with the menstrual 

cycle, there was no overall sex difference on ITD discrimination, and there was an 

overall sex difference on ILD discrimination.  

 

4.3. Comparison to previous reports of sex differences in auditory and visual spatial 

abilities 

The male advantage in the sex difference observed here is in the same direction 

as the sex differences related to spatial abilities that have been reported previously for 

audition and vision. As mentioned in the introduction, for audition, a male advantage 

has been reported for horizontal localization of a sound source in the presence of 

distractor sound sources at different locations (Zündorf et al., 2011; Lewald and 

Hausmann, 2013), monaural localization on the vertical plane (Lewald, 2004), the 

perception of looming sound sources (Schiff and Oldak, 1990; Neuhoff et al., 2009; 

Grassi, 2010), and the lateralization of click stimuli (Saberi et al., 2004). The same 

direction of sex difference, favoring males, is also evident for both ILD and ITD 

discrimination in reports without statistical analyses (Langford, 1994; also see 

McFadden, 1998, Fig. 1), as well as in the current data for ITD discrimination, for which 

the sex difference was not statistically significant, but for which the raw mean, and all 
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quartile values (median, 25th and 75th percentiles) were numerically lower (better) for 

males than females (see Fig. 2B). Thus, compared with females, males appear to have 

generally superior spatial hearing.  This male advantage is also in the same direction as 

the sex differences for spatial abilities in vision (as also mentioned in the Introduction:  

Linn and Petersen, 1985; Voyer, Voyer, and Bryden, 1995; Maeda and Yoon, 2013; 

Lauer, Yhang, and Lourenco, 2019), supporting the idea that the sex difference in 

spatial abilities may be more global, rather than modality specific.   

 

 Males have also been reported to outperform females, on average, on other 

non-spatial auditory tasks, including, for example, detection of a tone of fixed frequency 

presented in a multi-tone masker with randomized frequency components (Neff, 

Kessler, and Dethlefs, 1996; McFadden, Pasanen, Maloney, Leshikar, Pho, 2018), 

frequency discrimination (Rammsayer and Troche, 2012), loudness discrimination 

(Rammsayer and Troche, 2012), and--during adolescence only--forward masking and 

temporal-interval discrimination (Huyck and Wright, 2018) (for review, see McFadden, 

1998). However, this male advantage is not universal across sensory abilities.  For 

example, even in audition, it does not extend to absolute threshold, for which females 

on average outperform males (e.g., Flamme, Deiters, and Needham, 2011). The male 

advantage also does not extend uniformly to other sensory modalities. For example, 

based on objective measures of task performance, females are more sensitive than 

males to tastes (Fikentscher, Roseburg, Spinar, and Bruchmüller, 1977; Yoshinaka, 

Ikebe, Uota, Ogawa, Okada, Inomata, Takeshita, Mihara, Gondo, Masui, Kamide, Arai, 

Takahashi, and Maeda, 2016) and particularly to odors (for reviews see Doty and 
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Cameron, 2009; Sorokowski, et al., 2019).  Interestingly, females also outperform males 

on the ability to remember the location of objects in relation to one another (e.g., 

Silverman, Choi, and Peters, 2007).  This female advantage for object location memory, 

along with the male advantage for spatial abilities, is consistent with the proposal that 

evolutionary pressure favors females in tasks closely related to gathering, and males in 

tasks closely related to hunting (e.g., Silverman et al. 2007). 

 

As for the effect sizes for the sex differences in spatial abilities, three points 

seem noteworthy.  First, the effect size for the sex difference for ILD and ITD 

discrimination combined is consistent across the current investigation and that of Saberi 

et al. (2004). As noted above, when the current data were analyzed the same way as in 

Saberi et al., Cohen’s d=0.27.  That effect size is similar to Saberi et al.’s description 

that, overall, the thresholds for males were better than for females by a quarter of one 

standard deviation. Thus, the effect size for these discrimination tasks appears to be 

large enough to be replicable. Second, when evaluated separately between ILD and 

ITD discrimination, the magnitude of the effect size for ILD discrimination can be at least 

as large as Cohen’s d=0.36.  Third, the effect size for discrimination is only about half 

the magnitude of the effect sizes previously reported for more complex spatial-hearing 

tasks including sound localization in the presence of distractors (Cohen’s d=0.61, 

Zündorf et al., 2011) and the perception of looming sound sources (d = 0.76 and 0.78, 

Neuhoff et al., 2009).  Thus, for these spatial-hearing tasks, it appears that the effect 

size for sex differences differs across different classes of task, and may depend on 

complexity, such that tasks with greater complexity may yield larger effects. A task-
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dependency of the effect size for sex differences is well established for visual spatial 

tasks.  For example, based on meta-analyses, effect sizes in adults range from 0.56 to 

0.73 for mental rotation, from 0.48 to 0.64 for spatial perception, and from 0.13 to 0.23 

for spatial visualization (Linn and Petersen, 1985; Voyer, Voyer, and Bryden, 1995; 

Maeda and Yoon, 2013). These effect sizes span approximately the same range as for 

spatial-hearing tasks.  

 

4.4. Behavioral distinctions between ILD and ITD discrimination:  sex difference and 

learning 

Perhaps the most striking aspect of the present results is that they revealed two 

behavioral distinctions between ILD and ITD discrimination: one in sex differences and 

the other in learning.  This outcome is all the more remarkable in that, as far as the 

participant was concerned, the particular cue was irrelevant; only the behavioral task 

was relevant, which was to judge whether the sound image was farther to the right. Yet, 

the cue was relevant as far as the sex difference and learning are concerned. 

 

For learning, there was statistically significant within-session improvement across 

blocks for ILD discrimination (at an equal rate for both sexes), but performance did not 

improve significantly for ITD discrimination. The present distinction in within-session 

learning between ILD and ITD discrimination is clearer than in previous investigations in 

which performance over the initial blocks of testing was documented, though not 

analyzed statistically over the same time frame as here (Ortiz and Wright, 2010; Sand 

and Nilsson, 2014).  Statistically significant improvement for ILD but not for ITD 
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discrimination has also been documented for across-session learning.  In those reports, 

training extended across multiple sessions, and the amount of learning was assessed 

relative to a control group who completed pre- and post-training tests with no training in 

between (statistically significant learning for ILD: Wright and Fitzgerald, 2001; Zhang 

and Wright, 2009; Kumpik, Ting, Campbell, Schnupp, and King, 2009; Gao, Yan, 

Huang, Li, and Zhang, 2020; no statistically significant learning for ITD:  Wright and 

Fitzgerald, 2001; Zhang and Wright, 2007; Gao, Yan, Huang, Li, and Zhang, 2020; but 

see Rowan and Lutman, 2006, 2007 for exceptions showing learning for ITD).  A similar 

pattern was also noted in blind people, whose discrimination thresholds were lower than 

for sighted people for both interaural cues, but more so for ILDs than for ITDs (Nilsson 

and Schenkman, 2016). In contrast, statistically significant learning during the gap 

between the first two training sessions has been documented for both ILD and ITD 

discrimination following training on each task alone (ILD or ITD only) (ILD: Sand and 

Nilsson, 2014; ITD: Ortiz and Wright, 2009, 2010; Sand and Nilsson, 2014).  Taken 

together, it appears that statistically significant learning on ILD discrimination occurs 

within the first session, between the first two sessions, and over multiple sessions, while 

statistically significant learning on ITD discrimination tends to occur only between the 

first two sessions. Thus, ILD discrimination seems to be more malleable overall than 

ITD discrimination.  

 

For sex differences, a distinction between ILD and ITD discrimination has not 

been documented until now. As mentioned above, in previous studies of sex differences 

involving ILD and ITD discrimination, either the sample sizes were relatively small and 
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no statistical analyses were reported (Langford, 1994), or the data for the ILD and ITD 

cues were not analyzed separately (Saberi et al., 2004).  The present results illustrate 

that sex differences can be associated with a specific interaural cue. Thus, these results 

extend the specificity of sex differences from the previously known more general level of 

the perceptual task to the more detailed level of the perceptual cue. These results also 

indicate that ILD discrimination is more susceptible than ITD discrimination to the effect 

of whatever factor(s), such as hormonal influences, are responsible for the observed 

sex differences.   

 

The apparently greater influences of sex and learning on ILD discrimination than 

ITD discrimination accentuate the separation in the processing of the two cues. While it 

is not known exactly what factors are responsible for the unequal influences of sex and 

learning on the two cues, we can speculate about where along the processing pathway 

those factors may have had their effect.  It is well established that ILDs and ITDs are 

initially processed in separate pathways (for an overview, see Middlebrooks, 2015), and 

more recent work suggests that, alongside cue-specific representations (Wood, Town, 

Bizley, 2019), the two cues are merged into a common, cue-independent, 

representation of sound-source location in auditory cortex (e.g., Salminen, Takanen, 

Santala, Lamminsalo, Altoè, and Pulkki, 2015; Higgins, McLaughlin, Rinne, and 

Stecker, 2017; Wood, Town, Bizley, 2019). Given this framework, we can infer that the 

factors that led to the observed sex difference and learning acted upon the ILD-specific 

pathway, rather than upon the ITD-specific pathway, or any pathway common to the two 

cues. Because the ILD and ITD pathways are most separable initially, the factors 
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associated with sex and learning may have acted upon the ILD-specific pathway at an 

early stage.  
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7. FIGURE CAPTIONS 

Figure 1:  ILD-discrimination thresholds were statistically significantly lower for males 

than for females. (A) Mean ILD-discrimination thresholds (bars) and +/- 1 SEM (error 

bars); (B) Individual thresholds (circles), and box plots indicating the median, the 25th 

and 75th percentiles, and the 1.5-interquartile ranges of the thresholds; and (C) Mean 

ILD-discrimination thresholds (symbols) and +/- 1 SEM (error bars) for each of the first 

four blocks. Data are shown separately for males (represented in blue; triangles in C; n 

= 80 in A and B and n = 78 in C) and females (represented in magenta; squares in C; n 

= 166 in A and B and n = 160 in C).  Schematics illustrate the ILD-discrimination task. 

* = p < .05; ** = p < .01; *** = p < .001.  

 

Figure 2:  ITD-discrimination thresholds did not differ statistically significantly between 

males and females.  As in Fig. 1, but for ITD discrimination: males (n = 43 in A and B 

and n = 40 in C) and females (n = 94 in A and B and n = 89 in C).   
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FIGURE 2 
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