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Abstract

Background Females undergo hormonal fluctuations throughout every menstrual cycle and numerously report
corresponding symptoms of negative mood or decreased motivation, indicating an increased risk for affective
disorders associated with altered motivational behaviour. Understanding whether sex hormones modulate sex/
gender-specific behavioural variability in motivation could inform personalised interventions.

Methods To assess whether steroid hormone fluctuations and menstrual cycle phase modulate sex/gender-specific
motivation, we examined 48 naturally cycling cisgender females and 46 cisgender males, aged 18-34, who performed
a physical effort task while fasted (part 1, TO) and across four weeks (part 2, T1-T4). We obtained objective (invigoration
and effort maintenance) and subjective (wanting and exertion) measures of motivation in response to food and
monetary rewards. Menstrual cycle phases were determined based on cycle-day counting methods alongside plasma
levels of estradiol, progesterone, and testosterone. We tested whether females show higher effort maintenance, males
exhibit greater reward sensitivity, and explored whether motivational behaviour differs by sex/gender, cycle phase
and hormonal variation.

Results Cross-sectionally, we replicated sex/gender specific reward sensitivity and valuation: Females showed more
sustained effort, especially for small rewards, while males displayed more opportunistic approaches seeking monetary
rewards. Longitudinally, motivation decreased during periovulatory and luteal phases, whereas levels of endogenous
hormones explained little variance in instrumental effort beyond task incentives and sex/gender associations.

Conclusions Motivational behaviour in effort-based decision-making is more related to dynamic sex/gender-related
factors and menstrual cycle phases overall than to short-term steroid hormone fluctuations. Our findings emphasise
the importance of integrating biological, psychosocial, and physiological factors when investigating motivation. Our
research has potential implications for personalised interventions and treatment of motivational deficits.
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Plain english summary
Women often notice that their mood and motivation can change across the menstrual cycle. These changes may
be linked to normal fluctuations in hormones such as estradiol, progesterone, and testosterone, but we still know
little about how these hormones affect motivation in daily life. In this study, we compared motivation between
women with natural menstrual cycles and men of similar age. Participants completed a task that measured how
much physical effort they were willing to put in to earn different kinds of rewards — either food or money. We
also measured their hormone levels and asked them about their motivation. When looking at data from one
point in time, we found clear differences between women and men. Women tended to keep up their effort more
consistently, especially for smaller rewards, while men increased their effort more when larger or money rewards
were available. Across the menstrual cycle, motivation decreased during the middle (periovulatory) and later (luteal)
phases, when estradiol levels were higher. However, hormone levels themselves were not directly linked to lower
motivation. These results suggest that menstrual cycle phases can relate to how motivated people feel and behave
and that this may lead to differences in motivation between women and men. Understanding how biological and
psychological factors shape motivation could help explain why some people are more vulnerable to mood or
motivation problems and could lead to more personalised approaches when it comes to improving mental health.
Highlights

- We investigated whether sex/gender differences in motivation and reward sensitivity depend on fluctuations

of sex hormones in women and men.

- Women maintained effort more consistently, especially for smaller rewards, while men showed greater

increases in effort for larger or monetary rewards.

+ In women, motivation decreased during the periovulatory and luteal phases of the menstrual cycle, when

estradiol levels were higher.

- Levels of endogenous hormones alone were not directly linked to altered motivation.
- Findings highlight the importance of considering biological, psychological, physiological and sociocultural
variables when studying motivation and may help explain sex/gender-specific vulnerability to mood and

motivational disorders.

Keywords Motivation, Steroid hormones, Sex/gender characteristics, Menstrual cycle, Reward sensitivity, Estradiol

Background
Where there is a will, there is a way: Motivation, the driv-
ing force behind goal-directed decisions and actions,
varies considerably between individuals. Cost—benefit
decision-making [1] can be operationalised by assessing
willingness to expend effort for a reward [2], as it reflects
an integration of expected benefits and perceived costs
[3-8]. Here, reports of sex/gender differences suggest
women and men employ distinct approaches to achiev-
ing different goals [9, 10]: Men try to maximise gains
and take more risks [11-13], while women prefer safer
options [12—14] and more frequent, smaller rewards [12,
13]. In effort-based reward tasks, women prefer easy tri-
als with smaller rewards whereas men favour difficult tri-
als with higher rewards [15]. Our previous work found
women sustained effort for small rewards and showed
less opportunistic reward-seeking than men, who
increased effort more in response to higher rewards [9].
Sex/gender differences in physiology, medicine, and
behaviour [16-18] arise not solely from biological sex but
also socio-cultural gender-related expectations for roles,
norms, and behaviour, which may shape motivational
behaviour [19-22]. The clinical relevance of sex/gender
differences in motivation becomes evident with regard

to mental health: mood and anxiety disorders are twice
as prevalent in women, and substance use disorders are
more common in men [23, 24].

Steroid hormones have been proposed as modula-
tors for sex/gender differences in mental health and dis-
ease [25]. Females’ vulnerability for the development of
affective disorders may correspond to ovarian hormone
fluctuations [26], with over 40% experiencing symptoms
of low mood and reduced interest or energy correspond-
ing to hormonal changes across their menstrual cycle
[26—29]. Sex hormones modulate the mesocorticolim-
bic dopamine system [30-33] in males and females and
throughout the menstrual cycle [34]. Changes in the
dopamine system are associated with aberrant deci-
sion-making processes and altered motivational behav-
iour observed in mood disorders [35, 36]. Several brain
regions involved in the dopaminergic system express high
densities for estrogen and progesterone receptors [26], as
well as androgen receptors [37, 38]. Hence, systematic
variation of ovarian hormones across the menstrual cycle
and fluctuations of androgens in men may modulate
motivation by interacting with relevant neurotransmitter
systems [10, 26, 37, 38].
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Gonadal steroid hormones are increasingly understood
as regulators of motivational priorities, dynamically bias-
ing individuals toward different classes of goal-directed
behaviour. Previous research has found opposing asso-
ciations of estradiol and progesterone with core motiva-
tional domains across the menstrual cycle, with estradiol
being associated with approach-related behaviour and
increased reward-seeking and progesterone with energy
conservation. For instance, in naturally cycling women,
increases in estradiol (within-cycle fluctuations mea-
sured in saliva samples) predict heightened sexual moti-
vation and reduced food intake, whereas progesterone
is associated with the opposite pattern [39, 40]. This
is consistent with endocrine regulation of trade-offs
between competing motivational systems. Additionally,
in a review on hormonal correlates of dominance moti-
vation, testosterone in men has been shown to facilitate
approach behaviour in contexts involving competition
and reward, whereas in women, the corresponding hor-
monal correlate seems to be estradiol [41]. At the same
time, recent longitudinal research investigating natu-
rally cycling women, women using hormonal contracep-
tion, and men largely did not replicate these previously
reported hormone-motive associations and highlights
variability [42].

When it comes to cost—benefit decision-making, ris-
ing levels of estradiol have been shown to positively
modulate effort expenditure and enhance reward sensi-
tivity in decision-making [43, 44]. However, findings are
inconsistent in women with some studies not reporting
an increase in motivation for higher rewards with rising
estradiol levels [43] and others showing less sensitivity to
immediate rewards with rising estradiol levels from the
menstrual to the follicular phase [45]. A similar picture
arises for progesterone, with hints that higher progester-
one levels may positively modulate the readiness to exert
effort, however, findings are, again, not extensive [10].
Regarding testosterone, a positive association between
reward sensitivity and testosterone has been postulated
[46, 47] and elevated testosterone levels have been pro-
posed to lead to more risk-taking in both women and
men when it comes to motivational behaviour.

Taken together, emerging evidence suggests a modu-
latory role of endogenous estradiol, progesterone, and
testosterone in cost—benefit decision-making, indicating
increased effort expenditure and reward sensitivity dur-
ing high estradiol phases [10, 34, 43, 44] and elevated
levels of testosterone [46—48]. Nonetheless, the nature of
sex/gender-specific behavioural variability in instrumen-
tal physical effort remains unclear as findings are limited,
inconclusive [10, 43], and sometimes contradictory [45].

This study aimed to 1) replicate and extend findings
on sex/gender differences in physical effort allocation [9]
using a cross-sectional design examining sex and gender
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differences and exploring associations of menstrual cycle
phases and sex hormones with reward sensitivity; and
2) investigate how sex hormone fluctuations modulate
reward sensitivity using a novel longitudinal, dense-
sampling approach, examining within-person variations
over time and across the menstrual cycle. Based on prior
research [9], we hypothesised that women show higher
effort maintenance, particularly for small rewards, than
men, who increase effort more for larger rewards (i.e.,
higher reward sensitivity), resulting in similar perfor-
mances in high-reward conditions. We expected women
to report greater wanting and exertion, especially for
small rewards. We explored whether sex/gender differ-
ences in motivation are correlated with hormonal fluc-
tuations, both cross-sectionally and longitudinally across
one menstrual cycle. Despite evidence linking higher
estradiol levels to increased reward sensitivity, findings
remain inconsistent, particularly with respect to within-
cycle changes in effort-related decision-making. There-
fore, in a preregistered analysis, we explored whether
within-person changes in estradiol levels across the men-
strual cycle — particularly the transition from the fol-
licular phase to the perimenstrual phase — are associated
with effort expenditure, assuming that higher estradiol
levels would be correlated with higher effort expenditure
[43, 44]. Similarly, we hypothesised higher reward sen-
sitivity with elevated levels of testosterone [46, 47] but
did not specify hypotheses regarding progesterone levels
given inconsistent previous findings [10, 42].

Methods

This study was approved by the ethics committee of the
Medical Faculty of the Eberhard Karls Universitét Tiibin-
gen (585/2020B0). We preregistered our study protocol
at the Open Science Framework (https://osf.io/gpr52).
The reported data are part of a larger project examining
the potential link between metabolic states and dopa-
mine-related reward learning, and the analyses we report
here were only partly preregistered. We deviated from
our preregistered hypothesis regarding operationalisa-
tion of the ‘premenstrual phase’ and report data from a
‘perimenstrual’ window, which is more consistent with
recommended practice [49]. Participants provided writ-
ten informed consent and received monetary compen-
sation or course credit and performance-based rewards.
Recruitment occurred via university mailing lists, flyers,
and social media (e.g., Instagram). The sample size was
selected a priori to provide at least a power of 1- = 0.94
to study small-to-moderately sized within-subject effects
(d, ~ 0.40) in the longitudinal analyses, corresponding
to a lower-bound estimate of 80 participants after qual-
ity control. In the present study, within-subject analyses
of menstrual cycle phases in women (n = 48) are pow-
ered to detect small-to-moderately sized within-subject
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effects (d, ~ 0.43 for 1-B = 0.80), whereas cross-sectional
between-subject comparisons with n = 48 women and
n = 46 men are sufficiently powered to detect effects in
the moderate range (d ~ 0.60 for 1-B = 0.80). Data were
collected at the Department for Psychiatry and Psycho-
therapy, University Hospital Tiibingen, from 04/2022-
05/2024. The complete data used for the analyses,
comprising trial-based behavioural measures as well as
hormonal measurements, are publicly available: https://o
sf.io/5kbwz.

Sample

Ninety-four cisgender participants completed all five
sessions: 48 women aged 19-34 years with a Body Mass
Index (BMI) between 18.8 and 33.2 kg/m? and 46 men
aged 18-32 with a BMI between 18.0 and 36.7 kg/m>~
To avoid differences in hormonal fluctuations due to the
use of hormonal contraceptives, only naturally cycling
women were included. For sociodemographic data, see
Table 1 and Supplement S1.

Experimental procedure

The study comprised five experimental sessions and is
reported in two parts. Part 1 reports cross-sectional data
from the initial session (T0), while part 2 includes lon-
gitudinal within-subject analyses across four consecu-
tive sessions (T1-T4). All sessions followed standardised

Table 1 Sociodemographic data of the study sample (N=94)
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protocols. See Supplement S2 for additional details and
variables. Gender-related assessments, analyses, results,
and discussion are provided in the Supplement Gender
Expression.

Part 1

The initial session (TO) started between 7 am and 12 pm,
following an overnight fast. Firstly, participants com-
pleted state ratings (Supplement S3 and G2), then pro-
vided blood samples to measure estradiol, progesterone,
and testosterone levels. They completed three tasks
assessing motivational behaviour; only the Effort Alloca-
tion Task (EAT) [8] is reported here. Food and monetary
rewards were distributed based on task performance
partly as a standardised breakfast (80% muesli, 20% snack
choice; Supplement S4). After the session, participants
received an extensive battery of questionnaires assess-
ing psychopathology (e.g., Beck Depression Inventory
II, BDI-II) [50], self-reported gender, and motivational
aspects (Supplement S5).

Part 2

Sessions T1-T4 were conducted weekly over four con-
secutive weeks following TO. To account for possible
diurnal hormone fluctuations [52, 53], each participant
was assessed at the same time across sessions. Proce-
dures mirrored TO, including state ratings, the EAT, and

Women (n =48) Men (n = 46) t p
M SD M sD
Years of age 23.69 345 24.65 354 -1.34 0.185
BMI (kg/m?) 2443 3.90 2495 4.24 -0.62 0.539
BDI-I 9.19 836 578 577 2.29 0.025
GERAS Femininity 4.96 0.62 448 0.52 3.99 <0.001
Personality 518 0.74 4.85 0.52 254 0.013
Cognition 5.05 0.78 5.04 0.80 0.06 0.950
Activities & Interests 4.65 0.96 3.56 0.93 552 <0.001
GERAS Masculinity 4.04 0.56 4.66 0.59 -5.14 <0.001
Personality 3.96 0.65 4.36 0.72 -2.83 0.006
Cognition 447 092 5.08 1.09 -2.89 0.005
Activities & Interests 3.69 1.02 453 0.90 -4.20 <0.001
n % n % p
Income (monthly, €) 0.361
<250 7 15 5 11
250-500 6 13 7 16
500-1000 17 36 15 33
1000-1500 6 13 9 20
1500-2000 2 4 3 7
2000-3000 3 6 2 4
3000-4000 0 0 3 7
No answer 6 13 1 2

Independent samples t-tests were used to determine significant differences between women and men for years of age, Body Mass Index (BMI), the score in the Beck
Depression Inventory Il (BDI-II) [50] and total and subscale scores of the Gender-Related Attributes Survey (GERAS, Supplement G1) [51]. Fisher’s exact test was used
to check for significant differences in income. Statistically significant p-values are presented in bold
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Fig. 1 (See legend on next page.)

blood sampling to track hormone fluctuations across the
menstrual cycle (Fig. 1a). EAT rewards were paid out in

snacks and monetary compensation (no muesli).

Physiological and laboratory measures
Menstrual cycle

We only included women with self-reported regu-
lar menstrual cycles (mean length 21-37 days) [49]. To
investigate the impact of discrete hormonal events (lev-

els and acute changes), menstrual cycle pha

ses were
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(See figure on previous page.)

Fig. 1 Depiction of the study design. a Schematic overview over the study procedure. b Categorisation of cycle days into phases as classified for study
part 1 (T0) and study part 2 (T1-T4) with the characteristic fluctuations of sex hormones estradiol (red), progesterone (orange), and testosterone (black).
Light red bars indicate menstrual onset and grey bars mark the day of ovulation in a standardised 28-day cycle. For study part 1, a follicular (cycle days + 1
to+9), periovulatory (+ 10 to-11) and luteal group (-12 to -1) of women were determined. For part 2, the follicular phase was considered as cycle days+3
to+13.Days+ 14 to-12 were considered the periovulatory phase. The luteal phase was estimated by reverse cycle days-11 to -4. Finally, the perimenstrual
phase was estimated days -3 to+2. ¢ Schematic depiction of the effort allocation task. 1) Following a fixation cross, the reward cue is presented. To earn
the depicted reward, participants repeatedly press a button with their right index finger to keep a ball above the red line. 2) As task conditions, reward
magnitude (low vs. high), reward type (food vs. money), difficulty (easy vs. hard for study part 1 and alternating between different difficulty levels of 60—
90% for study part 2), and uncertainty (certain vs. uncertain trials, only in study part 2) are manipulated. 3) A representative time series of a high-difficulty
trial, showing effort output as button press rate, in % relative to the maximum frequency of the participants. Invigoration slopes (pink arrow) obtain how
quickly participants raise their effort during a trial. Effort maintenance (dashed purple line) is assessed by the average relative frequency during the trial.

Figure adapted [8] under CC BY license

determined using calendar-based forward and backward
counting [49, 54], designating the first day of menstrual
bleeding as day+ 1. For part 1, TO of women were ran-
domly distributed across cycle phases [49]: first third of
their cycle (follicular group, n = 18), mid-cycle (periovu-
latory group, n = 12), and last third (luteal group, n = 18),
with no statistically significant group differences in age
or BMI. For longitudinal analyses in part 2 (T1-T4), we
standardised each menstrual cycle to a length of 28 days
and classified four cycle phases following recommended
procedures (Fig. 1b) [49].

Hormone analyses

Blood samples (7.5 ml serum monovette; Sarstedt) were
analysed approximately 120 min after collection at the
Central Laboratory at the University Hospital Tiibingen,
accredited by the German Accreditation Body (DAKKS)
according to DIN ISO17189. Endogenous estradiol, pro-
gesterone, and testosterone levels were measured using
CE-IVD certified ADVIA Centaur immunoassays (eE2,
PRGE, TSTIL Siemens Healthineers, Eschborn, Ger-
many). Internal and external quality controls were always
within the limits. For expected values [49] and adult ref-
erence intervals, see Supplement S6.

EAT

The EAT [8] assesses individual differences in instru-
mental physical effort and captures willingness to exert
effort to gain rewards. To measure reward sensitivity to
benefits and costs of pursuing a reward, magnitudes of
reward and effort are manipulated. Participants collect
food and money tokens (primary and secondary reinforc-
ers) by exerting physical effort for high and low rewards
through button pressing, analogous to lever pressing in
preclinical research [55] and tokens are later exchanged
for calories (muesli/snacks) or money (Fig. 1c). The pro-
spective reward (food vs. money) was presented at the
start of every trial and participants could accumulate
reward points by moving and keeping a ball above a cer-
tain difficulty level (threshold indicated by a red line) by
repeatedly pressing a button. Reward magnitude differed
for each trial (low — 1 point vs. high — 10 points) and the

difficulty of each trial was varied by alternating between
75% (easy) vs. 85% (hard) relative to participants’ individ-
ual maximum frequency in study part 1. For study part
2, difficulty levels varied between 60—90% and certain vs.
uncertain trials were introduced to measure the subjec-
tive value of a reward more directly. In uncertain trials,
the true difficulty was not revealed — instead of a red line,
an area was shown that contained the true difficulty level
but ranged from 60-90%. However, manipulations of dif-
ficulty and uncertainty were not central to the current
research questions. We presented the EAT using Psycho-
physics toolbox version 3 [56] in MATLAB 2020a. See
Supplement S7 for details.

Each effort phase of a trial concluded with two Visual
Analogue Scales (0-100), assessing perceived exertion
and wanting of the reward at stake. Participants were
informed the task was intentionally challenging and were
encouraged to rest at their convenience during trials, to
recover for subsequent efforts. The EAT captures two
motivational facets: invigoration, i.e., the speed at which
effort is initiated during each trial (associated with sub-
jective wanting, mostly insensitive to effort costs) and
effort maintenance, i.e., how durably the level of effort
is sustained throughout a trial (associated with subjec-
tive wanting and exertion, highly sensitive to the costs
of effort) [8, 57], see Table 2 for a conceptual overview
of motivational constructs in the EAT. The term ‘reward
sensitivity’ reflects the extent to which effort allocation
increases with higher reward magnitude or different
reward types and therefore refers to changes in invigora-
tion or effort maintenance as a function of experimen-
tally manipulated task variables.

Data analysis

Statistical analyses were conducted in R (v4.3.2; R Core
Team, 2023) and R studio (v2024.4.2.764), using one-
sided tests to replicate previous findings and a two-tailed
a <0.05 for all other analyses. For further data pro-
cessing, the following R packages were used: tidyverse
2.0.0, dplyr 1.1.4, ggplot 2 3.5.1, Ime4 1.1-35.4, ImerTest
3.1-3 and emmeans 1.10.2. EAT data were processed in
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Table 2 Conceptual overview of motivational constructs in the effort allocation task [8]

Construct Task-based operationalisation Measurement Conceptual definition

Invigoration Slope of transition between relative frequency of Objective, Initial motivation: Speed and vigour with which effort is
button presses during a rest segment and the initial ~ behavioural initiated, mostly insensitive to effort costs
plateau during the subsequent work segment

Effort Average frequency of button presses during a trial Objective, Sustained effort over time under ongoing task demands,

maintenance behavioural highly sensitive to effort costs

Wanting Rating on Visual Analogue Scale: Desire to obtain a Subjective, Subjective conscious motivational valuation of the
reward self-report reward, related to benefits of action

Exertion Rating on Visual Analogue Scale: Perceived effort Subjective, Retrospective evaluation of how much effort was expend-
expenditure for the reward in the last trial self-report ed to obtain the reward, related to perceived effort costs

MATLAB (v2019a). For full analysis details, see Supple-
ment S8.

Hormone analyses

In part 1, ANOVA retrospectively validated menstrual
cycle phase classifications. In part 2, hormone data were
log-transformed and subject mean-centred [58]. We fit-
ted separate mixed-effects models for each hormone
to investigate associations of within-subject fluctua-
tions across the menstrual cycle [49] or sessions. In each
model, the respective hormone was included as the out-
come variable, cycle phase (for women) or session (for
men) as the predictor, session to control for order effects
(for women) and participant ID as the random effect.
ANOVA tested for diurnal variation in men’s testoster-
one levels.

EAT

Behavioural data were segmented into work and rest
phases to isolate invigoration and effort maintenance
[8]. Invigoration was estimated as the slope of transition
between the relative frequency of button presses during
rest and the initial plateau during the following work seg-
ment (see https://github.com/neuromadlab/Tasks/tree/
master/Effort_Allocation_Task/Analyses/general). Effort
maintenance was calculated as the average button press
frequency per trial.

As the outcomes have been previously shown to be
only moderately correlated [8], single-trial estimates for
invigoration and effort maintenance were entered into
separate mixed-effects models. In a first step, we pre-
dicted invigoration slopes and effort maintenance using
the following dummy coded predictors: reward magni-
tude (low vs. high), reward type (food vs. money), dif-
ficulty (study part 1: easy — 75% vs. hard — 85%; study
part 2: easy — 60—69% vs. medium — 72-81% vs. hard —
84-90%) and uncertainty (certain vs. uncertain). At the
participant level, for main analyses, we included sex/gen-
der (women vs. men) as a factor, and, as nuisance covari-
ates of no interest, we further included BMI and BDI
score. To account for interindividual variance, we mod-
elled random intercepts and random slopes for reward
magnitude, reward type, difficulty, and uncertainty at the

participant level. One-sided tests for hypothesised sex/
gender differences in effort maintenance and two-tailed
tests for all other analyses were conducted.

In a second step, to explore associations of the men-
strual cycle with effort allocation in women, we pre-
dicted invigoration slopes and effort maintenance by
adding menstrual cycle phase (study part 1: follicular vs.
periovulatory vs. luteal; study part 2: follicular vs. peri-
ovulatory vs. luteal vs. perimenstrual) as a predictor. In
post-hoc sensitivity analyses, for both women and men,
we included levels of estradiol, progesterone, and testos-
terone (log-transformed and subject mean-centred) as
predictors to explore whether variability in sex hormone
levels might be associated with similar patterns.

To assess associations between sex/gender and subjec-
tive ratings of wanting (related to benefits of action) and
exertion (related to costs of action), we added respective
model predictors. Analyses were conducted separately
for part 1 (TO) and part 2 (T1-T4). In the models for
T1-T4, session number served as a variable to control for
potential order effects.

Effect sizes for between-subjects effects are reported
using Cohen’s d; for within-subjects or repeated-mea-
sures effects (including interactions), Cohen’s d, is
reported. Effect sizes are interpreted using conventional
benchmarks (small =~ 0.2, moderate ~ 0.5, large = 0.8). For
exploratory analyses, p-values were adjusted for multiple
comparisons using the Benjamini—Hochberg procedure
to control the false discovery rate (FDR, g-values). FDR
correction was applied separately within each family of
tests, defined by outcome variable (invigoration, effort
maintenance, wanting, exertion) and study part (TO vs.
T1-T4) and across all tests of interest including the rel-
evant independent variables. Post-hoc pairwise compari-
sons were adjusted using Tukey’s method as implemented
in the R package ‘emmeans’

Results

For estimates of mixed-effects models, see Table 3 (part
1) and Table 4 (part 2). Here, we report main effects and
significant interactions involving sex/gender, menstrual
cycle phase and sex hormones with a focus on task effects
concerning reward magnitude and type. For full results,


https://github.com/neuromadlab/Tasks/tree/master/Effort_Allocation_Task/Analyses/general
https://github.com/neuromadlab/Tasks/tree/master/Effort_Allocation_Task/Analyses/general
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w2 23 é% had higher effort maintenance than men for small
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c 217 TE 24 food rewards (b = -8.52, P, suiea = 0-031, d = -0.35,
s _ ol E £ g 95%CI = [-0.72,0.02]), indicating a small to moderate
Zlold @ ‘E 52 effect. While we did not observe a significant interaction
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&g é of sex/gender x reward magnitude for effort maintenance
o £ e (b = 4.62, p,eraiea = 0.105), men increased effort for
L o158 monetary rewards more than women, resulting in com-
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Table 4 (continued)

Subjective measures

Objective measures

Exertion

Wanting

Effort maintenance

Invigoration

SE

SE

SE

SE

Progesterone x difficulty

Medium
High

0.660
0.336
0.562
0.221

044
0.96
0.58

3.68
4.03
3.18
335
335

1.62
3.

0.499

0.68
1.79
-0.22
0.96
-0.22

3.29
3.56
2.81
3.00
3.00

223
6.3

0953

0.06
0.30
0.75
1.08
1.68

2.58
2.80
2.22
236
2.36

0.15
0.

0.685

-0.41
0.02
1.11

0.79
0.13

8.87
9.46
7.52
791
7.90

-3.60
0.19
838
6.24

87
85

0.074
0.824
0.339

8

0.765
0454
0.279

83
66

0.984
0.266
0430

1.

-0.63
2.87

1.

Progesterone X uncertainty

-1.22
0.26

-4.10
0.

2.55

Testosterone X reward magnitude

0.792

89

0.823

-0.67

0.093

3.96

0.895

1.04

Testosterone x reward type
Testosterone x difficulty

Medium
High

(2026) 17:67

0.648
0.357

046
0.92
034

3.79

1.73
3.

0497

0.68
0.01

339
3.71
292

230
0.

0.890
0.865

-0.14
-0.17
0.03

2.66
2.91
2.31

-0.37
-0.50

0.07

0.038
0.279

-2.07
-1.08
-1.40

9.13
9.91
7.84

-18.93
-10.73

-11.01

Analyses including all participants were run with a sample size of N

type (food

84

0.993

03

0.731

330

0.554 1.13

-0.59

-1.73

0.974
48 women and n

2), uncertainty (certain = 0, uncertain = 1) and sex/gender (female

0.161
92. Other analyses were run separately for n

Testosterone X uncertainty

0, high = 1), reward

46 men. Variables were coded as follows: Reward magnitude (low

0, male = 1). Session was used to control for order effects in all models. Models for

0, periovulatory = 1, luteal

0, medium = 1, high =

0, money = 1), difficulty (low

3) was analysed for women only. Hormone

2, perimenstrual

gender state ratings ‘feminine’ and ‘masculine’ were analysed for women and men separately. The model for cycle phase (follicular

measures were entered as log-transformed and subject mean-centred values in separate models for women and men. Statistically significant p-values are presented in bold
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F(2,45) = 0.64, p = 0.530 (Fig. 2c, Supplement S11), con-
sistent with expected patterns [49] (Supplement S6).

Periovulatory women showed higher invigoration than
follicular women (b = 13.69, p = 0.042, d = 0.39), indicat-
ing a small to moderate effect, but were less responsive
to monetary incentives (b = -6.02, p = 0.036, d, = -0.18,
small effect). Luteal women demonstrated lower initial
motivation for high incentives compared to the follicular
group (b = -9.17, p = 0.045, d = -0.38, small to moderate
effect).

Subjectively, luteal women reported higher wanting
(b =15.40, p = 0.047, d = 0.64) and exertion (b = 18.43,
p = 0.022, d=0.77) than the follicular group, reflecting
moderate effects (Fig. 2e).

Behavioural effects were not explained by hormone
levels in women (all p > 0.05), suggesting that menstrual
phase rather than absolute hormone concentrations
drove the effects. In men, a nominal negative association
between progesterone levels and subjective wanting was
observed (b = -17.63, p = 0.027), however, this effect did
not survive correction for multiple testing (g = 0.108).

Part 2

In women, hormonal fluctuations across cycle phases
(T1-T4) followed expected patterns [49] (Fig. 2d, Supple-
ment S6). For men, no significant variation in testoster-
one levels was found across sessions or time of day (all
p > 0.05, Supplement S11-12).

Women showed lower effort maintenance in the luteal
vs. follicular phase (b = -2.12, p = 0.041, d = -0.11, small
effect), though strong incentives such as high rewards
(b = 1.80, p = 0.045, d, = 0.17) or monetary rewards
(b =222, p = 0.012, d, = 0.21, small interaction effect)
attenuated this effect.

Subjectively, women also reported reduced exertion
in the luteal compared to the follicular phase (b = -4.66,
p = 0.008, d = -0.16), reflecting a small effect. Addi-
tionally, during the periovulatory phase, women indi-
cated diminished desire (wanting, b = -5.96, p < 0.001,
d = -0.23) and self-reported effort exertion (b = -7.26,
p < 0.001, d = -0.25) than in the follicular phase, corre-
sponding to small effects. During the perimenstrual vs.
follicular phase, women’s wanting ratings were more
sensitive to reward magnitude, with elevated wanting
for high rewards (b = 4.58, p = 0.002, d, = 0.31, small to
moderate interaction effect), suggesting larger rewards
may partially compensate for phase-related motivational
declines (Fig. 2f, Supplement S13).

In analyses of continuous hormone levels, most asso-
ciations in women did not survive correction for multiple
testing. Although higher estradiol levels were nominally
associated with reduced invigoration, effort mainte-
nance and wanting (all p < 0.05, Supplement S14a), these
effects did not remain significant after FDR correction
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Study part 1: Cross-sectional

Study part 2: Longitudinal
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Fig. 2 (See legend on next page.)

(all g > 0.144). However, the association between
higher estradiol levels and reduced self-reported exer-
tion remained significant after correction (g = 0.018,
d, =-0.15), indicating a small effect. Nominal interactions

indicated that monetary rewards attenuated the associa-
tion between estradiol and effort maintenance (b = 2.03,
p =0.002, d, = 0.19, g = 0.036, corresponding to a small
interaction effect), wanting (b = 2.20, p = 0.016, g = 0.144)
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(See figure on previous page.)

Fig. 2 Results of cross-sectional and longitudinal trial-based data. Data from women are depicted in orange and from men in green. Results are shown
separately for cross-sectional study part 1 (left panels) and longitudinal study part two (right panels). a Box plots showing cross-sectional data on objec-
tive (top row) and subjective (bottom row) motivation to work for low and high rewards: Women and men did not differ significantly in invigoration but
in effort maintenance; women had higher effort maintenance than men for low food rewards. Men were more sensitive concerning reward type and
significantly increased effort maintenance for monetary rewards. Women wanted rewards more than men and reported exerting more effort, but men
showed significantly increased wanting and exertion for high rewards. b Box plots showing longitudinal data on objective (top row) and subjective (bot-
tom row) motivation to work for low and high rewards: Women and men did not significantly differ in invigoration or effort maintenance. Longitudinal
sex/gender differences in motivation were not robust after correction for multiple comparisons. ¢ Violin plots with error bars (SE) depicting hormone
levels (log-transformed) at TO for estradiol (red), progesterone (orange) and testosterone (grey) for menstrual cycle phase groups in women and overall
for men: Estradiol levels differed significantly between follicular and periovulatory, and follicular and luteal groups, but not between periovulatory and
luteal. Progesterone levels differed between follicular and luteal, and periovulatory and luteal groups, but not between follicular and periovulatory. d Vio-
lin plots with error bars (SE) depicting hormone levels (log-transformed) across T1-T4 for estradiol (red), progesterone (orange) and testosterone (grey) in
the course of the menstrual cycle for women and across sessions for men: Estradiol rose significantly from follicular to periovulatory phase, did not differ
between periovulatory and luteal phase and dropped from luteal to the perimenstrual phase. Progesterone rose significantly from follicular to periovula-
tory phase, again from periovulatory to luteal phase and dropped from luteal to perimenstrual phase. Testosterone levels did not differ between follicular
and periovulatory phase, decreased significantly from periovulatory to luteal phase, and again from luteal to perimenstrual phase. e Box plots showing
cross-sectional motivational data for menstrual cycle phase groups in women and overall for men: Women in the periovulatory group had higher invigo-
ration than those in the follicular group and women in the luteal group reported significantly higher wanting and exertion than those in the follicular
group. f Box plots showing longitudinal motivational data across the menstrual cycle for women and overall for men: When in the periovulatory phase,
women’s wanting and exertion ratings for rewards were significantly decreased. In the luteal phase, women significantly decreased effort maintenance

and exertion ratings. *: p < .05, **: p < .01, ***: p < .001

and exertion (b = 2.87, p = 0.009, g = 0.081), however only
the interaction for effort maintenance survived FDR cor-
rection. In men, higher estradiol levels were nominally
associated with reduced self-reported exertion (b = -9.90,
p = 0.034), but this association did not survive correction
for multiple testing (¢ = 0.612). A nominal interaction
suggested that monetary incentives attenuated this asso-
ciation for wanting (b = 7.05, p = 0.044), which likewise
did not survive FDR correction (g = 0.444).

Progesterone showed no significant association with
motivational measures in either women or men (all
p > 0.05). In women, testosterone showed nominal inter-
actions with reward type, enhancing invigoration for high
vs. low rewards (b = 17.53, p = 0.024, g = 0.270) while
reducing this association for money vs. food rewards
(b =-4.43, p = 0.036, g = 0.189, Supplement S14b), how-
ever, neither interaction remained significant after cor-
rection for multiple testing.

Discussion

This study aimed to replicate and extend findings indi-
cating sex/gender differences in instrumental physical
effort expenditure [9]. To investigate sex- and gender-
specific behavioural variability, we used a biopsychoso-
cial approach and longitudinally examined associations
of hormone fluctuations and menstrual cycle phase with
objective and subjective motivational measures.

In study part 1 (cross-sectional), we replicated sig-
nificant sex/gender differences in effort allocation [9]:
women showed higher effort maintenance, i.e., a deliber-
ate decision to exert effort, than men, with no sex/gender
differences in invigoration, which refers to an automatic
process related to motivational drive. Sex/gender-specific
behaviour emerged in response to reward type: Men
increased effort for monetary rewards more than women.

This suggests women exerted consistent effort indepen-
dent of reward characteristics, whereas men employed
a more opportunistic, reward-sensitive approach, with
increased motivational drive for high incentives. Our
cross-sectional results align with previous literature,
where women prefer frequent, smaller rewards and men
pursue larger, less consistent rewards [13].

However, in study part 2 (longitudinal), we did not
observe robust sex/gender differences for effort mainte-
nance or invigoration [2, 59]. Discrepancies in findings
between study part 1 and 2 might partly be explained by
application mode (fasted [9] vs. arbitrary bodily states),
repeated task performance and additional task conditions
such as task difficulty and (un-)certain trials not detailed
in this manuscript.

Subjective measures mirrored objective sex/gender
differences: Cross-sectionally, women reported higher
wanting and exertion, especially for small rewards,
whereas ratings for large rewards were comparable
between women and men. However, again, these sex/
gender differences were not robust in the longitudinal
assessment. The cross-sectional results suggest sex/gen-
der-specific subjective reward valuation processes that
inform the expected benefits of effort [5] and correlate
with effort allocation. Notably, women may value both
the benefits of rewards and the rewarding experience of
exerting effort itself more than men, resulting in higher
overall reward valuation (cf. the effort paradox) [2, 60].
Women may exert more effort, regardless of reward char-
acteristics, to meet task demands and avoid aversive out-
comes of loss [61, 62].

As a potential explanatory framework, sex/gender-
specific subjective reward valuation may relate to the
signalling function of effort in social settings. It has
been suggested that gender expression, i.e., individuals’



Grahlow et al. Biology of Sex Differences (2026) 17:67

perception of how much they embody traits associated
with femininity or masculinity, may inform differences
in motivation beyond biological sex: feminine traits
may relate to sustained effort, signalling commitment,
whereas masculine traits may encourage a more oppor-
tunistic approach [63, 64]. Similar results were observed
in our supplementary analysis on the influence of Gen-
der Expression (see Supplement G4 and G7). These
self-perceived traits are shaped by experience, social
desirability and societal expectations of how women and
men should behave [20, 65, 66]. Social gender roles are
internalised early in life and are reflected in individuals’
personality traits, whereby women have been described
as, for instance, more conscientious and men as more
risk-taking [67]. Feminine traits are typically associ-
ated with qualities such as agreeableness and empa-
thy, whereas masculine traits are traditionally linked to
assertiveness and competitiveness [68, 69]. A feminine,
socially desirable approach to completing the reward task
might be optimal task performance, including conscien-
tious adherence to task instructions. A masculine strat-
egy would be more competitive, focusing on maximising
reward gains and conserving energy in trials with less
important rewards to increase effort for more interest-
ing rewards. This notion is consistent with previous sex/
gender differences found in a gambling task, where men
demonstrated a greater focus on long-term payoffs com-
pared to women [46].

The discrepancies in findings from study part 1 and 2
highlight the variability in sex/gender related associations
with motivational behaviour and emphasise the impor-
tance of considering gender alongside biological factors
in understanding motivational behaviour. Furthermore,
differential findings from cross-sectional and longitudi-
nal approaches may point towards significant variability
when considering motivational behaviour over time, or
more specifically, across the menstrual cycle.

Our results show that cross-sectionally, motivation
varied between women in different menstrual cycle
phases: Women in the periovulatory group demon-
strated higher initial motivation and lower sensitivity to
effort costs, whereas women in the luteal group displayed
higher sensitivity to effort costs and more willingness to
work for rewards compared to the follicular group. These
findings are consistent with previous evidence indicating
increased motivation near ovulation and shifts in reward
valuation during the luteal phase [30, 34, 39, 43].

Longitudinal results revealed phase-related variations
in motivation following a certain pattern across the men-
strual cycle. Phase-specific differences included lower
subjective wanting and willingness to exert effort during
the periovulatory phase, and higher sensitivity to effort
costs and lower willingness in the luteal phase. Contrary
to some previous findings [10, 34], these findings suggest
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reduced subjective motivation during phases charac-
terised by higher estradiol levels. In the perimenstrual
phase, characterised by low hormone levels, women
reported increased reward sensitivity.

However, longitudinal hormone analyses revealed
mostly nominal associations between hormone levels
and motivational measures, with limited effects remain-
ing significant after correction for multiple comparisons.
In women, higher estradiol levels were associated with
reduced self-reported exertion, whereas associations
with behavioural motivational measures were not robust.
Regarding testosterone, contrary to our hypothesis, we
did not find robust evidence for a facilitatory role of tes-
tosterone in effort expenditure or for an overall increase
in motivation with increasing testosterone levels [48].

Our findings align with prior work conceptualising
steroid hormones as modulators of motivational priori-
ties rather than direct drivers of effort-related behaviour
[39, 41]. From a mechanistic perspective, this implies that
biological variation in steroid hormones does not directly
translate into proportional changes in instrumental
effort. Instead, hormonal associations with motivation
may emerge in a domain-specific and context-dependent
manner, biasing reward valuation under certain condi-
tions, e.g., across the menstrual cycle, rather than scaling
effort expenditure per se [42].

While cross-sectional sex/gender differences in effort
allocation were replicated [9], longitudinal sex/gender
and hormone-related associations that survived cor-
rection for multiple comparisons were small. Although
the study was well powered to detect small to moder-
ate within-subject behavioural associations, detection
of associations between hormones and behaviour may
require larger samples due to biological variability and
measurement noise. Consistent with previous findings,
menstrual cycle phase was associated with variations in
motivational behaviour [10, 34]. Effect sizes were pre-
dominantly small to moderate and comparable to those
reported in prior studies applying effort-based decision-
making paradigms [8], suggesting subtle but meaningful
variation in motivational behaviour rather than strong
determinative effects. Additional factors not modelled
here, e.g., mood, metabolic state, physical discomfort or
pain across the menstrual cycle, fatigue, stress, and gen-
der-related motivational traits, may contribute to within-
person variability in motivation.

Taken together, our results indicate that sex/gender-
specific motivational behaviour may be more related to
the incentive structure of the task and to menstrual cycle
phase than to momentary variation in endogenous sex
hormone levels. This study informs applied and clinical
perspectives on motivational behaviour by delineating
the limits and contextual nature of hormonal influences.
By integrating repeated assessment of sex hormones with
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objective and subjective measures of motivation, the
study demonstrates that short-term hormone fluctua-
tions explain only a small proportion of variance in the
investigated motivational behaviour. In doing so, it chal-
lenges biological models that attribute sex/gender dif-
ferences in motivation primarily to circulating hormone
levels [43, 44] and highlights the importance of individual
differences.

In terms of applied settings, such as the workplace,
the findings suggest that subtle variations in motiva-
tion across the menstrual cycle in women may interact
with tasks that require prolonged effort. This perspec-
tive highlights the value of adaptively structuring work
and performance environments to support motivation
across individuals and contexts. The present findings
are also relevant for mental disorders characterised by
motivational impairment, such as affective disorders.
While motivational alterations across the menstrual
cycle in women were moderate in healthy individuals,
they may act as vulnerability or modulatory factors that
interact with mental symptoms, stress or environmental
demands. Accordingly, intervention strategies targeting
motivational processes (e.g., behavioural activation or
incentive-based interventions) may benefit from consid-
ering menstrual cycle phase and broader contextual fac-
tors related to motivation.

Perspectives and significance

Using a novel within-subjects design spanning one
menstrual cycle, we examined both sex and gender dif-
ferences. Our findings show that sex/gender-specific
differences in motivation are only detectable cross-
sectionally, while longitudinally, dynamic fluctuations
of motivational behaviour are captured across the men-
strual cycle in women. Although sessions were not
optimally aligned with cycle phases, weekly sampling
enhanced ecological validity. Future studies may adopt
cycle-synchronised sampling to refine phase-specific
associations. While we controlled for and collected mea-
sures of metabolic state in part 1 (overnight fast), future
work should further consider the body’s energy state as
a critical factor in motivated behaviour, as metabolic
costs of (physical) effort and hormonal modulation of the
dopamine system [70] link energy homeostasis [71] to
reward sensitivity and instrumental action [8, 57, 72, 73].
Generalisability is limited by a predominantly Caucasian,
highly educated sample. The ‘resource hypothesis’ [74,
75] suggests greater sex/gender differences arise in coun-
tries with better living conditions, where individuals pur-
sue sex- and gender-specific goals more freely. Broader,
more diverse sampling is essential to better understand
how sex, gender, and corresponding socioeconomic fac-
tors interact in shaping motivation.
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Conclusion

Our comprehensive study highlights the complexity
and dynamics of motivational behaviour, shaped by sex,
gender, and the menstrual cycle. Women and men inte-
grate benefits and costs differently: men display more
opportunistic reward-seeking and women report greater
subjective motivation, indicating sex/gender specific
reward sensitivity and valuation. However, menstrual
cycle phases and gender expression introduce variabil-
ity, influencing consistency in effort and motivation.
Levels of endogenous sex hormones alone have little to
no effect on motivation and differences between study
parts suggest that context, timing and physiological states
may further shape motivational behaviour. Our findings
emphasise the importance of considering context as well
as psychosocial alongside biological factors. They may
inform understanding of sex and gender differences in
motivational contexts, e.g., work performance or thera-
peutic interventions, and guide improved treatments for
mental disorders involving impaired reward processing,
such as affective disorders.
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