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SUMMARY

The importance of sex as a biological variable has
recently been emphasized by major funding organi-
zations [1] and within the neuroscience community
[2]. Critical sex-based neural differences are indi-
cated by, for example, conditions such as autism
spectrum disorder (ASD) that have a strong sex bias
with a higher prevalence among males [51, 3]. Moti-
vated by this broader context, we report a marked
sex difference in a visual motion perception task
among neurotypical adults. Motion duration thresh-
olds [4, 5]—the minimum duration needed to accu-
rately perceive motion direction—were considerably
shorter for males than females. We replicated this
result across three laboratories and 263 total partici-
pants. This type of enhanced performance has previ-
ously been observed only in special populations
including ASD, depression, and senescence [6–8].
The observed sex difference cannot be explained
by general differences in speed of visual processing,
overall visual discrimination abilities, or potential mo-
tor-related differences. We also show that while indi-
vidual differences in motion duration thresholds are
associated with differences in fMRI responsiveness
of human MT+, surprisingly, MT+ response magni-
tudes did not differ between males and females.
Thus, we reason that sex differences in motion
perception are not captured by anMT+ fMRImeasure
that predicts within-sex individual differences in
perception. Overall, these results show how sex dif-
ferences can manifest unexpectedly, highlighting
the importance of sex as a factor in the design and
analysis of perceptual and cognitive studies.

RESULTS

We collected behavioral and neuroimaging data in the context

of a larger research program examining neural mechanisms of

visual perception in individuals with autism spectrum disorder
2794 Current Biology 28, 2794–2799, September 10, 2018 ª 2018 El
(ASD). In this research, we also examined sex differences

because of both a strong male bias in ASD prevalence [51, 3]

and the broader relevance of sex as a biological variable

[2, 9–12]. Here, we report a discovery we made, and subse-

quently replicated, by analyzing data from neurotypical partici-

pants. Of particular interest were measurements of motion

duration thresholds—the minimum amount of time a stimulus

needs to be displayed in order to accurately perceive its motion

direction. Motion duration thresholds have been linked to mo-

tion processing in brain regions such as MT [13–15] and appear

to be sensitive to fundamental neural computations such as

surround suppression [5] and contrast gain control [15–17].

When these mechanisms are functioning properly, they cause

an increase in the duration required to judge motion direction,

especially for large stimulus sizes and high contrast levels

[5, 15]. This notable feature of motion duration thresholds has

motivated a broad range of studies with special populations

[4], with examples of atypically shorter duration thresholds in

ASD [6], old age [8], depression [7], and neurotypical subjects

following transcranial magnetic stimulation (TMS)-induced

disruption of MT function [18].

Male versus Female Differences in Visual Motion
Processing
We measured motion perception using an established experi-

mental design [5, 6] that utilizes briefly presented drifting grat-

ings. After each stimulus presentation, participants are asked

to classify the stimulus as moving leftward or rightward. The pre-

sentation duration is adaptively adjusted on a trial-by-trial basis

so that the individual finally achieves a predetermined level of

performance (e.g., 80%). This two-alternative forced-choice

approach minimizes criterion differences between individuals

(e.g., responses being affected by decision biases and confi-

dence [19]). Notably, participants are free to respondwhen ready

(that is, we were not measuring reaction times). Thus, this non-

speeded taskmeasures howquickly participants can process vi-

sual motion independent of any differences in motor response

speed. Analysis of performance in males and females revealed

a large sex-related difference in overall duration thresholds.

Male participants had significantly shorter duration thresholds

than female participants (Figures 1A and 1B; a significant main

effect of group in a mixed ANOVA; F1,31 = 7.12, p = 0.01). There

was also a significant sex by contrast interaction (F1,31 = 8.89,
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Figure 1. Duration Thresholds

(A–F) Males had shorter motion duration thresholds

than females in Cohort 1 ([A] low-contrast perfor-

mance; [B] high-contrast performance). This differ-

ence resembled previously reported findings in ASD

[6] ([C] low-contrast performance; [D] high-contrast

performance; five NT females participants were not

included in these plots). The difference between

males and females replicated across research sites

and investigators ([E] Cohort 2; [F] Cohort 3) in

groups with larger sample sizes. Error bars, SEM.

See also Figures S1 and S2.
p = 0.001). Specifically, thresholds were 23% longer for females

than males at low contrast and 78% longer at high contrast (ex-

pressed as a percentage to facilitate later comparisons across

research sites). The effect size (Cohen’s d) was 0.56 at low

contrast and 1.11 at high contrast. As indicated by a significant

three-way interaction (F2,57 = 3.56, p = 0.035), at low contrast

the effect of sex depended on stimulus size (Figure 1A).

This contrast-dependent pattern of results resembles those

previously reported in ASD, where individuals with ASD showed

shorter thresholds at high contrast compared to neurotypical in-

dividuals—a difference that largely disappeared at very low
Current Biolog
contrast [6]. To illustrate this qualitative

similarity, we re-plotted the data from

Foss-Feig et al. (2013) while including only

themale participants (to avoid confounding

the effects of ASD and gender; Figures 1C

and 1D). This earlier study, which

compared duration thresholds for ASD

and neurotypical (NT) participants, re-

ported a strikingly similar pattern to our

sex-based differences, including a large

difference at high contrast (Figure 1B

versus 1D) and a size-dependent differ-

ence in thresholds for low contrast stimuli

(Figure 1A versus 1C).

To examine the replicability of this sur-

prising difference between males and fe-

males, we (the investigators of the study

described above, which will be hereafter

named ‘‘Cohort 1’’; S.O.M., M.-P.S., T.K.,

R.M., A.K., R.A.B.) contacted other re-

searchers (D.T., P.T., T.H.R., S.J.T.) with

similarly designed studies and larger sam-

ple sizes. First, a previously published

dataset [20] that used similar stimuli

(contrast = 42%; sizes = 2�, 4�, 8� diam-

eter) with a group of 53 individuals

(25 male; 28 female) was reanalyzed

(‘‘Cohort 2’’). The results revealed a similar

sex-related difference (Figure 1E; a signif-

icant main effect of group in a mixed

ANOVA; F1,51 = 9.707, p = 0.003). The

average increase in threshold for females

in this previous study was 38% (Cohen’s

d = 0.86). Finally, in a recently published
dataset [21] with 177 individuals (61 male; 116 female;

‘‘Cohort 3’’) and a similar design (contrast = 95%; sizes = 2�,
4�, 6�, 8� diameter), we once again observed this difference be-

tween males and females (Figure 1F; a significant main effect of

group; F1,175 = 23.3, p < 10�5). The average difference in dura-

tion thresholds between males and females in this study was

27% (Cohen’s d = 0.76). To further assess the reliability of the

effect, we performed a meta-analysis that included the datasets

from the three cohorts presented in Figures 1A, 1C, 1E, and 1F,

as well as additional previous studies with smaller sample sizes

than those above, and found a similar sex difference (see
y 28, 2794–2799, September 10, 2018 2795
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Figure 2. MT+ fMRI Responses

(A–D) Individual differences in MT+ amplitude were significantly correlated with individual differences in duration thresholds for (A) low- and (B) high-contrast

stimuli. (C) The relationship between MT+ response and duration thresholds holds separately for males and females. (D) MT+ fMRI response for males and

females is nearly identical. Error bars, SEM.
Figure S1). We note that while group plots convey a large and

highly significant separation in performance between males

and females (Figure 1), there is in fact considerable overlap in

performance between the two populations as seen in distribu-

tion plots (see Figure S2).

As duration thresholds measure motion-processing speed,

one possible explanation is that males are faster at rapidly

processing visual information. To address this question, we

examined additional data collected for Cohort 3. These same

participants (n = 177) also completed a version of the Hick reac-

tion time (RT) task [22]. There were four main conditions: a sim-

ple RT and choice RTs that required identifying the location of

the target that could appear in two, four, or six different locations

[21]. When considering choice RT conditions—conditions most

similar to our motion task—we found no main effect of sex

(F1,175 = 1.856, p = 0.175) nor an interaction (F2,350 = 0.001,

p = 0.999). The results did not change when we considered all

of the RT conditions (main effect of sex: F1,175 = 2.840,

p = 0.094; interaction: F3,525 = 0.058, p = 0.982). Thus, we

conclude that a general sex difference in visual processing

speed cannot explain our main result. Further, we saw no differ-

ence in performance between males and females in a separate

psychophysical task measuring contrast detection thresholds

(see STAR Methods; Cohort 1: males, mean = 1.76%, SD =

0.93%; females, mean = 1.67%, SD = 0.66%; t31 = 0.30,

p = 0.77). There was also no difference between males and

females in catch trial performance (see STAR Methods) during

the motion discrimination task (Cohort 1: males, mean = 96%

correct, SD = 0.05%; females, mean = 95% correct, SD =

0.06%; t31 = 0.76, p = 0.45). In summary, our results suggest

that the difference in motion discrimination between males

and females may not be accounted for by general differences

in task engagement as characterized by catch-trial perfor-

mance, speed of visual processing, overall visual discrimination

abilities, decision bias, or potential motor-related differences

(since estimating duration threshold does not require speeded

responses). We also examined whether the difference in motion

discrimination between males and females might be accounted

for by factors other than sex, such as age [8] or IQ [20]. These

factors either did not differ or did not statistically contribute to
2796 Current Biology 28, 2794–2799, September 10, 2018
the difference between males and females (see Supplemental

Information).

Potential Neural Mechanisms

To identify the potential underlying neural factors that may

contribute to the performance differences between males and

females, we first focused on the cortical area MT+. Motion

duration thresholds have been hypothesized to reflect the

response magnitude of neuronal subpopulations in area MT+

[4, 14, 15, 23]. Thus, we hypothesized that intrinsic, individual dif-

ferences in neural responsiveness in MT+ would be associated

with individual differences in duration thresholds. To test this

prediction, we measured fMRI response amplitude in human

MT+ in Cohort 1 in response to drifting sinewave gratings at

two contrasts (3%and 98%) relative to a blank fixation condition.

In order to emphasize sensory-driven responsiveness, partici-

pants’ attention was diverted away from the motion stimuli

with a central fixation task. Similar to previous studies [6], we

focused on performance for the smallest stimulus size since

any effects of spatial suppression and summation [5] on duration

thresholds should be minimal. We found that individual differ-

ences in psychophysical thresholds correlated with individual

differences in MT+ fMRI response magnitude for both low-

(n = 28; r26 =�0.43; p = 0.02; Figure 2A) and high-contrast stimuli

(n = 28; r26 = �0.40; p = 0.03; Figure 2B). An analogous pattern

of results was found when we considered the relationship be-

tween MT+ responses averaged across contrast and duration

thresholds averaged across size (medium and large; n = 33;

r31 = �0.45; p = 0.009). In addition, the relationship between in-

dividual differences in MT+ response magnitude and duration

thresholds were present whenmales and females were analyzed

separately (males, r16 = �0.48, p = 0.04; females, r13 = �0.55,

p = 0.03; Figure 2C). Thus, motion duration threshold measure-

ments appear to be a very good proxy for neural response

magnitude in the key motion-processing area MT+. However,

surprisingly, we found no significant sex differences in fMRI

response amplitude in MT+ (Figure 2D; F1,31 = 0.03, p = 0.86).

Thus, the behavioral sex differences in motion perception are

not captured by an MT+ fMRI measure that captures within-sex

individual differences on the same task. We also investigated

whether there were sex differences in response magnitudes in



early visual cortex (EVC; note that the foveal location of the stimuli

prevented differentiating V1, V2, and V3 [24]), a source of cortical

input for MT+, and found no differences (F1,31 = 0.09, p = 0.76).

DISCUSSION

We report results that demonstrate a strong behavioral sex dif-

ference in visual motion perception. These results are notable

given the increasing evidence supporting the gender similarities

hypothesis—that, on average, men and women perform simi-

larly on most cognitive tasks [25]. However, there are several

apparent exceptions to the overall trend toward similar perfor-

mance between males and females [26]. In meta-analyses,

females were found to excel in verbal fluency (d = �0.33;

[25]) and reading achievement (d = �0.44; [27]), while

males tended to excel in measures of visual-spatial ability.

Indeed, one of the largest and most documented sex differ-

ences in cognition is mental rotation [28], with the male perfor-

mance advantage in the medium to large effect size range

(d z 0.50–0.80, [29–31]). Thus, within the context of these pre-

vious findings, the sex differences in visual motion processing

identified in the present study (d = 0.56–1.11) are at least as

strong as the largest previously documented findings in other

cognitive domains.

We also explored potential neural correlates of both individual

and sex differences that were prominent in our behavioral data.

The results showed that for both males and females, individual

differences in task-independent, MT+ neural responsiveness

was strongly associated with differences in psychophysical

performance (Figure 2C). Thus, MT+ is likely a major contributor

to the perception of briefly presented moving stimuli. However,

while individual differences in responsiveness of human MT+

can explain individual differences in behavior, those same MT+

responses cannot explain the observed sex differences in

behavior; response magnitudes in MT+ were nearly identical

for males and females. There is no reason to suspect that our

fMRI measurements were simply insensitive to underlying male

and female differences in MT+ response magnitude. On the con-

trary, our fMRI measurements demonstrate a high degree of

sensitivity both in the response to stimulus contrast (Figure 2D)

and in correlations with behavior (Figures 2A–2C).

As our data appear to rule out arguably most obvious explana-

tions, such as differences in MT+ responsiveness and visual-

processing speed, our study largely leaves open the question

of the underlying cause of observed sex differences. With

respect to the role of MT+, our results cannot rule out the possi-

bility that MT+ neurons are differentially engaged by males and

females during task performance. Thus, future studies should

investigate potential sex differences in MT+ responsiveness

while attention is directed to the motion stimuli. Moreover,

even for reliable sex differences such as mental rotation, other

moderating variables such as sociocultural factors [32] as well

as training and related experience [33, 34] can play significant

roles. Of note, action video game playing results in large

improvements in perceptual abilities [35–37], and males report

more frequent video game play than females [38]. However,

the specificity of sex differences to the motion task, and not

to speed of processing and contrast discrimination tasks, is

inconsistent with general improvements in visual function typi-
cally found to result from action video games [36, 39]. Moreover,

we found sex differences in participants that completed the mo-

tion taskwith no prior task practice (Cohorts 1 and 3) and in those

that completed a practice session administered a few days

before the actual testing (Cohort 2). This appears to offer some

differences between our results and sex differences in mental

rotation, which are affected by training and action video game

playing [33, 34].

Given the strong male prevalence of ASD, we find the obser-

vation that sex differences in motion perception closely

resemble results reported for individuals with ASD [6] particularly

interesting. Both neurotypical males (when compared to neuro-

typical females) and males with ASD (when compared to males

without ASD) exhibit enhanced motion perception for high-

contrast stimuli—a difference that is significantly attenuated at

low contrast. The similarity of the sex difference and ASD differ-

ence is consistent with the hypothesis that ASD can be

considered as an extreme version of the normal male profile

[40]. However, the similarity between the sex differences and

ASD differences should also be interpreted with caution given

inconsistent findings among ASD studies on visual motion

perception [41, 42].

The results from Cohort 1 demonstrating a strong contrast

dependence in the sex difference are consistent with reduced

gain control, a neural mechanism underlying the saturation of

neural responses at high contrasts [43, 44]. Specifically, the

brain typically suppresses responses to sensory stimuli when

they become too intense—a mechanism that results in a

relative reduction of responsiveness to high-contrast stimuli

(saturation). One speculation is that males exhibit reduced

contrast gain control and that this reduction is even more

pronounced in males with ASD. However, we note that the

lack of a difference in fMRI responsiveness (measured with

attention directed away from the stimuli) suggests that differ-

ences in gain control between males and females may be

tied to the deployment of attention [45] during the motion

discrimination task.

In summary, our results clearly demonstrate a difference in

motion processing between males and females and lend strong

support to recent efforts to include sex as a biological factor in

neuroscience research [2, 9–12]. In particular, our results have

profound methodological implications for any research where

there are inherent sex biases in subject populations. Overall,

our results argue that any between-group sensory-perceptual

experiments should either match the sex of participants or

include it as a factor in the analyses.
STAR+METHODS

Detailed methods are provided in the online version of this paper
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Software and Algorithms
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MATLAB Mathworks R2013b
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Scott O.

Murray (somurray@uw.edu).

EXPERIMENTAL MODEL AND SUBECT DETAILS

There were three separate cohorts of participants (total n = 263), each tested at a different research site that included different

investigators. Cohort 1 (n = 33) included 18 males and 15 females from 18 to 30 years of age who participated in psychophysical

experiments and fMRI experiments at the University of Washington, U.S.A with investigators S.O.M., M-P.S., T.K., R.M., A.K.,

and R.A.B. Cohort 2 (n = 53) included 25 males and 28 females from 18 to 59 years of age who participated in psychophysical

experiments at the University of Rochester, U.S.A. with investigator D.T. Cohort 3 (n = 177) included 61 males and 116 females

ranging in age from 18 to 30 that participated in psychophysical experiments at the University of Bern, Switzerland with investigators

P.T., T.H.R., S.J.T., and D.T.. All participants across all three cohorts had normal or corrected-to-normal vision. For all experiments,

sex was determined by a binary self-report of male or female. All procedures were approved by the respective Institutional Review

Boards and all participants provided written informed consent.

METHOD DETAILS

fMRI experiment
Data were acquired using a Philips Achieva 3 Tesla scanner. T1-weighted structural MRI data were acquired in each session at 1 mm

isotropic resolution. Functional MRI data (gradient echo EPI) were acquired with 33 3 mm inplane resolution. 30 oblique-axial slices

were obtained (3 mm slice thickness, separated by a 0.5 mm gap). Other scan parameters: 2 s TR, 25 ms TE, 79� flip angle, A-P

phase-encode direction. At the start of each session, an opposite phase-encode direction (P-A) scan (1 TR) was acquired for distor-

tion compensation. Each scanning session lasted about 1 hour.

Stimuli were displayed via projector (Epson Powerlite 7250 or Eiki LCXL100A, following a hardware failure), operating at 60 Hz

using Presentation software (Neurobehavioral Systems, Berkeley, CA) on a PC running Windows XP. Images were projected on a

semicircular screen at the rear of the scanner, and viewed through a mirror on the head coil at a distance of 66 cm. Projector lumi-

nance was linearized using custom software.

The experiment was designed to measure the amplitude of the response in human MT+ and early visual cortex (EVC) to two stim-

ulus contrast levels. Sixteen gratings were presented at the center of the screen during each block; to prevent adaptation, gratings

moved in one of eight possible directions in a randomized and counter-balanced order for 400ms.We used longer stimulus durations

than typical psychophysical duration thresholds to ensure robust BOLD responses to moving stimuli. Twenty-five blocks were pre-

sented during each run (10 s each, 125 TRs total). Stimulus diameter was 2�, and contrast varied across blocks. Each run beganwith a

blank block (0% contrast), in which only the fixation task was presented on a blank background. Blocks of drifting gratings at 3% and

98% contrast were then presented centrally in an alternating order, each followed by a blank block (6 low contrast, 6 high contrast,

and 13 blank blocks per run). The blank block served as baseline. A 10 s baseline period was chosen to balance between the

competing needs of accurately estimating response amplitudes – for which a long (20-30 s) baseline period would afford full recovery

of the hemodynamic response – and increasing the number of trials in the experiment to maximize signal-to-noise. To functionally

localize MT+ we used a separate localizer scan. Drifting and static 2� gratings (15% contrast) were presented centrally in alternating

10 s blocks (13 static and 12 drifting blocks, 125 TRs total). Another localizer scan was used to functionally identify EVC. Here,

contrast-reversing checkerboard stimuli (2� diameter, 100% contrast, 8 Hz) were presented at the center of the screen, and alter-

nated with blank backgrounds across a total of 16 blocks (8 stimulus & blank blocks, 10 s per block, 80 TRs total). Subjects

completed two runs per session and all but one subject completed two fMRI sessions (other experiments, not presented here,

were included in the fMRI sessions).
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During all scans, subjects performed a color & shape conjunction detection task, responding to a green circle within a series of

colored shapes presented briefly at fixation (Figure 2A). A total of 8 shapes were presented in each 10 s block, and were selected

randomly from 8possible shapes (including the green circle target). Hit rate in this task (averaged across all scanswithin each subject)

did not differ between males (mean = 95%, SD = 6.7%) and females (mean = 95%, SD = 7.6%; t24 = 0.01, p = 0.99).

FMRI data were processed in BrainVoyager (Brain Innovation, Maastricht, the Netherlands). The following steps were performed in

order: motion correction, distortion compensation, high-pass filtering (cutoff = 2 cycles/scan), and alignment to the T1 anatomy. No

spatial smoothing or normalization were performed for ROI-based, within-subjects analyses. ROIs were identified from the functional

localizer data using correlational analyses, with an initial significance threshold of p < 0.05 (Bonferroni corrected). The top 20 most-

significant voxels within the ROI were then selected for further analyses. In cases where there were not 20 voxels that satisfied the

above threshold, the threshold was relaxed until 20 voxels were included. ROIs were defined for each hemisphere in 2 anatomical

regions: motion-selective MT+ in the lateral occipital lobe, and the region of EVC representing the center stimulus (near the occipital

pole). ROI position was verified by visualization on an inflated cortical surface.

Average fMRI time courses were extracted from each ROI for further analyses in MATLAB using BVQXTools. Time course data

were divided into epochs from 4 s before to 4 s after each block. For each block, response baseline was calculated as the average

signal across all epochs between 0-4 s prior to block onset. The time course in each block was then converted to percent signal

change. Time courses were then averaged across hemispheres in each run, and across runs in each subject. The response peak,

defined as the average signal change from 8-12 s after the block onset, served as the measure of the fMRI response. A full-brain,

voxel-wise mixed ANOVA (sex X contrast) was also performed on spatially (Talairach) and temporally (%-transform) normalized data.

Psychophysics experiments
For all three research sites, psychophysical experiments were similar. All involved visual motion direction discriminations of time-

limited grating-based stimuli. Temporal envelopes were trapezoidal, with the duration defined by the full-width at half-maximum

contrast of the temporal envelope. As detailed below, however, there were a number of apparatus, stimulus and procedural differ-

ences. For example, there are differences in stimulus contrast, stimulus size, spatial stimulus envelope, visual display type, and

threshold estimation procedures. Given that similar sex differences were observed at all three research sites, we can conclude

that the observed sex differences generalize over these variations in stimulus parameters and task procedures.

Cohort 1 at the University of Washington

Stimuli were presented using a ViewSonic PF790 CRT monitor (120 Hz) with an associated Bits# stimulus processor (Cambridge

Research Systems, Kent, UK). The monitor luminance was linearized using custom software. Stimuli were presented on a Windows

PC in MATLAB (MathWorks, Natick, MA) using Psychtoolbox-3 [46-48], with a chin rest used to stabilize head position at a viewing

distance of 66 cm.

In each experiment, we presented drifting sinusoidal luminance modulation gratings at two different Michelson contrast levels

(low = 3%, high = 98%) and 3 different sizes (diameter = 0.84, 1.7 and 10�). Motion speed was 4 cycles/s, and spatial frequency

was 1.2 cycles/�. Gratings were presented within a circular aperture, whose edges were blurred with a Gaussian envelope (SD =

0.21�). Stimuli were presented centrally on a mean luminance background.

Trials began with a central fixationmark, a small shrinking circle (850ms). This was followed by a blank screen (150ms), after which

the grating stimuli appeared (variable duration controlled by a staircase procedure, range 6.7 – 333 ms), followed by another blank

screen (150ms), and finally a fixationmark (the response cue). Subjects indicated their response (left or right) using the corresponding

arrow keys. Response time was not limited. To permit very brief stimulus presentations, gratings appeared within a trapezoidal tem-

poral envelope, according to an establishedmethod [6]. Duration of the grating stimuli varied across trials according to a Psi adaptive

staircase procedure [19] controlled using the Palamedes toolbox [49]. Duration was adjusted across subsequent trials based on task

performance, to determine the amount of time needed to correctly discriminate motion direction with 80% accuracy (i.e., the

threshold duration). Feedback was not provided. Staircases were run separately to determine thresholds for each of the six stimulus

conditions (2 contrasts x 3 sizes, as above). Condition order was randomized across trials. Thirty trials were collected per staircase

within a single run (approximately 6 min). There were also 10 catch trials per run (all 10� diameter, 98% contrast gratings, 333 ms

duration), which were used to assess off-task performance. Data from one female was excluded from this cohort (i.e., not included

in the 15 females) due to poor performance on the catch trials (accuracy < 80%).

Each subject completed 4 runs in the motion discrimination paradigm, with a total experiment duration of about 30 min. Example

and practice trials were presented before the first experiment run. For 5 subjects, thresholds were not obtained for the smallest stim-

ulus size. Psychometric thresholds and slopes were quantified for each condition in each run by fitting the discrimination accuracy

data with aWeibull function using maximum likelihood estimation [19]. Guess rate and lapse rate were fixed at 50% and 4%, respec-

tively. Threshold duration was defined at 80% accuracy based on this fit. Average thresholds for each subject were found by taking

the median value across the 4 runs.

Subjects in Cohort 1 also completed a contrast detection paradigm. The display apparatus was the same as in the motion para-

digm. Using the Bits# stimulus processor in mono++ mode allowed us to present stimuli with 9.6 bit luminance resolution, which

permitted the presentation of very low contrast stimuli. The task was to detect whether a Gabor (sinusoidal luminance modulation

within a Gaussian window, SD = 0.42�, FWHM = 1�, 1.5 cycles/�, vertical or horizontal orientation) was presented at the center of

a mean gray background during either the first or second of two possible stimulus presentation intervals. Trial order was as follows.

First, a ‘1’ was presented at fixation for 350 ms (to denote the first presentation interval). Then, the same fixation mark as above
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(shrinking circle) was presented, followed by either the Gabor or a blank background. Gabor (and blank) duration was 100 ms, and

there was a 1 s blank between intervals. Then, a ‘20 was presented (as above), followed by the fixation circle, and then the second

stimulus presentation interval (blank or Gabor). Presentation of the Gabor within the first or second interval was randomized and

counter-balanced across trials. Stimulus contrast was adjusted using the same staircase procedure as above, to determine the

lowest contrast that could be detected with 80% accuracy. Vertically and horizontally-oriented Gabors were presented in separate,

interleaved staircases (order randomized across trials). There were 30 trials per staircase in each run, as well as 20 catch trials

(contrast fixed at 45%). Subjects completed 2 runs of the contrast detection paradigm (total duration about 15 min). The mean

threshold from both conditions in both staircases was used for analysis.

Cohort 2 at the University of Rochester

Only keymethodological details are reported here. For detailedmethods see [20]. Stimuli were created and displayed inMATLAB and

shown on a custom 360Hz DLP projector (natively linear, 12803 720 resolution, 113.7 cd/m2 background) with a viewing distance of

146 cm. Stimuli were briefly presented sine-wave gratings, moving either leftward or rightward with speed of 4�/s. Peak stimulus

contrast was 42%, Stimulus spatial frequency was 1 cycle/�. Stimulus duration was defined as the full-width at half-height of the trap-

ezoidal temporal envelope (as detailed in [18]). Stimulus size was defined by the stationary raised cosine spatial envelope through

which moving gratings were shown. There were three different stimulus sizes (2�, 4�, and 8� in diameter). Different sizes were inter-

leaved within each block.

On each trial, a moving stimulus was presented and a subject identified perceived motion direction (leftward versus rightward).

Feedback was provided. The dependent variable was log10(stimulus duration). For each condition, eight duration thresholds

(82% correct) were estimated by QUEST staircases [50]. The first two were measured on a separate day and used as practice.

For each participant, the highest and lowest staircase results were excluded and the remaining thresholds were averaged. The

reported sex difference remains similarly significant even if the extreme results were not excluded.

Cohort 3 at the University of Bern

Detailed methods appear in the original publication of these data [21]. Briefly, a linearized LCD monitor (Asus VG248Qe, 144Hz,

1920 3 1080 resolution) was used with a viewing distance of 61 cm that was maintained with a chin rest. Stimulus presentation

was controlled with MATLAB. Stimuli consisted of 95% contrast gratings with a spatial frequency of 1 cycle/� moving at 4.8�/s. Stim-

ulus size was determined by stationary raised cosine spatial envelopes. Expressed as the full stimulus diameter, stimulus sizes were

2�, 4�, 6� and 8�. (In a previous publication [21], reported diameters were smaller because they were based on stimulus values above

1% contrast). After a practice session of 180 trials, a total of three blocks were administered, with each block consisting of 44 trials of

each stimulus size resulting in 528 trials. The four stimulus sizes were randomly interleaved within each block. On each trial, a moving

stimulus was presented in the center of the participant’s visual field. After the presentation of the stimulus, the participant indicated

the perceived motion direction of the drifting grating (either leftward or rightward). Each correct response was followed by auditory

feedback. For each stimulus size, six estimates of the 82%-detection threshold for motion perception were obtained using a

Bayesian adaptive QUEST procedure [50] to estimate the presentation time required by a given participant to produce 82% correct

responses. The highest and the lowest threshold estimates for each stimulus size were excluded. For each participant, the remaining

four threshold estimates were averaged separately for each stimulus size.

QUANTIFICATION AND STATISTICAL ANALYSIS

Pearson correlation was used to assess the relationship between individual differences in fMRI response magnitude and psycho-

physically measured duration threshold. Mixed between (low/high MT-response and male/female), within (stimulus-size) ANOVAs

were used to assess between-group differences in psychophysical performance (Figures 1) and differences in fMRI response

(Figure 2).
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