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Abstract 25 

Interoception – the processing of internal bodily signals – has been related to 26 

numerous aspects of mental and physical health. Sex differences have been 27 

reported in objective interoceptive accuracy and self-reported interoceptive attention, 28 

yet the factors underlying such differences remain poorly understood. One theory is 29 

that these differences arise from increased amount of physical and hormonal change 30 

females experience across the lifespan. The menstrual cycle provides a compelling 31 

test of this hypothesis and here we present the first investigation of interoception 32 

across the menstrual cycle. Twenty females completed daily interoceptive accuracy 33 

and attention assessments across two consecutive cycles, alongside matched 34 

exteroceptive control tasks (ISRCTN registration: 99520723). Cycle phases were 35 

determined using the counting method, with ovulation confirmed via cervical mucus 36 

ratings and basal body temperature. Interoceptive accuracy was higher during the 37 

periovulatory phase compared with the perimenstrual phase. Interoceptive attention 38 

was highest during the perimenstrual phase compared to all phases, though fully 39 

explained by physical symptom burden. Cycle-related changes were unique to 40 

interoception and emerged only within a complete menstrual cycle, highlighting the 41 

potential role of between-cycle hormonal variability. These data provide the first 42 

evidence that interoception varies across the menstrual cycle, with implications for 43 

sex differences in interoception and mental health. 44 

Keywords: Interoceptive accuracy; Interoceptive Attention; Menstrual Cycle; Sex 45 

Differences; Intra-Individual Variability; Experience Sampling Method 46 
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Introduction 50 

Interoception, the processing of internal bodily signals, has been linked to both 51 

physical and mental health conditions. Atypical interoception – for example, 52 

unusually high or low interoceptive accuracy and attention – has been reported 53 

across numerous disorders, where it is thought to explain both transdiagnostic and 54 

disorder-specific symptoms (for reviews see [1–3]). Sex appears to be one source of 55 

individual differences. Males tend to outperform females on laboratory-based tasks 56 

of interoceptive accuracy (e.g., cardiac, respiratory [4,5]) and tend to rely more on 57 

interoceptive vs exteroceptive cues when gauging their internal states outside of the 58 

laboratory [6]. In contrast, females consistently allocate greater attention to bodily 59 

states [7,8], report more somatic complaints [9,10] and are more negative when 60 

evaluating bodily signals [11,12]. In combination, it has been suggested that these 61 

patterns may partly explain sex differences in vulnerability to common mental health 62 

conditions linked to interoception that are often more prevalent in females (anxiety, 63 

depression [13–15]). 64 

The potential mechanism(s) underlying sex differences in interoception remain 65 

unknown. Proposed explanations include functional and anatomical differences; 66 

stress; signal strength; and socialisation [5]. However, one common but previously 67 

unexamined theory is that sex differences arise from the greater degree of physical 68 

and hormonal change that females typically experience across the lifespan [13,14]. 69 

Indeed, although often conceptualised as a 'stable trait of an individual' [16], 70 

evidence does suggest state-variation in interoceptive processing [17]. Despite the 71 

theoretical and clinical importance of understanding such patterns of change [18], 72 

the factors underlying within-person variability remain underexplored. 73 



   

 

The menstrual cycle provides a compelling first test of the hypothesis that some 74 

within-person variability in females may be attributable to hormonal fluctuations [14]. 75 

The healthy menstrual cycle produces circulating hormonal fluctuations that 76 

influence numerous physiological systems from which interoceptive signals arise 77 

(e.g., cardiovascular, gastric [19,20]). In the most studied interoceptive domain – the 78 

cardiovascular domain – the menstrual cycle has been associated with changes in 79 

resting heart rate (HR) [21,22] and heart rate variability (HRV) [23–27], factors that 80 

have also been linked to individual differences in cardiac interoceptive accuracy 81 

[28,29]. Yet, beyond direct physiological effects that may contribute to variability in 82 

interoceptive accuracy, cyclical hormonal shifts may also produce frequent 83 

mismatches between actual and expected bodily states due to variability in the 84 

sensory environment. This could result in the heightened attention to, and reduced 85 

propensity to utilise, internal signals observed in females [4]. 86 

Overall, there is good reason to expect that interoceptive accuracy and attention may 87 

vary across the menstrual cycle, yet no studies have investigated this. Although the 88 

menstrual cycle presents complex methodological challenges [30], it provides a 89 

valuable model for testing the hypothesis that hormonal change may contribute to 90 

within-person variability in interoception. In the current pre-registered study, we 91 

employed daily experience sampling methodology (ESM) and ecological momentary 92 

assessment (EMA) to intensively sample interoceptive accuracy and attention across 93 

two consecutive menstrual cycles in a sample of twenty healthy women using a 94 

combination of objective tasks and self-report measures, and wearable technology. 95 

To isolate interoception specific effects, all interoception measures were 96 

administered alongside daily non-interoceptive control measures. Based on the 97 

aforementioned literature, we hypothesised that interoceptive accuracy and attention 98 



   

 

would vary across menstrual cycle phases, and that any cycle-related effects would 99 

be unique to interoception. 100 

Methods 101 

This pre-registered study was part of a longitudinal investigation into interoception 102 

and well-being across the menstrual cycle (ISCRTN 05/11/24: 99520723; OSF 103 

14/05/25: 104 

https://osf.io/fsvyu/overview?view_only=785bf6d9bfe7440091e391fe492d98c2). 105 

Several methodological choices deviated from the initial design. We initially pre-106 

registered that participants would complete tasks during estimated menstrual phase 107 

windows. However, following recent studies [31] and methodological 108 

recommendations for studying the menstrual cycle [30], we decided instead to adopt 109 

a daily experience sampling design. This involved substantially more repeated 110 

measures, and we adjusted our statistical approach and sample size accordingly 111 

(see Analysis Strategy). All other deviations from the planned protocol are detailed in 112 

text. 113 

Participants 114 

Sample size was determined a priori via power analysis. For a repeated-measures 115 

design with N=5 daily observations per menstrual phase (two menstrual cycles, 18% 116 

missing data), >80% power could be achieved to detect a medium effect size (f = 117 

0.25; alpha = .05) with N=18 participants (estimated power 81.3%). Given 118 

anticipated dropout, we recruited 20 participants (estimated power 85.2%). 119 

Simulations were based on ICC values from a previous study [17] where 120 

performance on a similar heartbeat detection task was assessed at three time points 121 

in a pooled sample of females and males (ICC = .38).  122 



   

 

Twenty female participants (Mage = 27.7 years; 20-36; N = 19 identifying as woman, 123 

N = 1 non-binary) with regular menstrual cycles (Mcycle length = 27.82 days, 22-35, SD 124 

= 2.06) were recruited using flyers and social media within the Greater 125 

London/Surrey area. To participate, participants were required to own an iPhone that 126 

met software requirements for tasks (≥XS model, ≥iOS 16) and to have been actively 127 

tracking their menstrual cycles using a smartphone application (Clue or Apple 128 

Health) for at least the last 2 consecutive menstrual cycles. This prior tracking was a 129 

requirement that was pre-registered as optional but was considered essential for 130 

ensuring that 1) participants’ cycle length fell within recommended limits for 131 

estimation (25-35 days [30]) and 2) variability was low enough to enable us to 132 

accurately allocate participants to specific starting phases (<3 days cycle variability; 133 

see Procedure for explanation). Only participants meeting these criteria were invited 134 

to participate. Eligibility was verified by assessing cycle characteristics based on 135 

menses start dates from participants’ most recent consecutive cycles over a 136 

maximum 6 cycles (M=5.25; SD = 1.25; range = 2-6). A cut-off of 6 cycles was used 137 

to align with eligibility criteria requiring no hormonal contraception use in the 138 

preceding 6 months, which ensured cycle history reflected naturally occurring cycles. 139 

To ensure accuracy, creation dates were checked to verify that participants had 140 

entered the dates in the past (i.e., not at sign up) as prospective logging is more 141 

reliable. Further exclusion criteria included any known conditions affecting hormones 142 

(e.g., thyroid disorders), history of pelvic complaints (e.g., endometriosis, uterine 143 

fibroids), pregnancy/breastfeeding in the last 12 months, and a score ≥8 on the 144 

physical subscale of the Anxiety Sensitivity Index [32] (ASI-3). This ASI-3 cut off was 145 

used to reduce the likelihood that participants would experience distress when 146 



   

 

attending to interoceptive signals in objective tasks (full exclusion criteria is listed in 147 

Supplementary Information; SI). Demographics can be found in SI (Table S1). 148 

The study was conducted between September 2025 and March 2026. Participants 149 

were compensated up to £600, with the exact amount determined by engagement 150 

(£10 per daily task completion; ~1 hour per day). All procedures were approved by 151 

the University’s Ethics Review Board (FHMS 23-24-203 EGA/ERM ID 630). 152 

Materials 153 

Questionnaire items and task descriptions can be found in Supplementary Files 154 

(Questionnaire+Task list.docx). All notification prompts were managed via Samply 155 

[33], behavioural data for smartphone-based tasks was collected in Firebase, and 156 

questionnaire responses collected in Qualtrics (Provo, UT). 157 

Baseline survey 158 

A baseline survey at enrolment included demographic questions and a series of 159 

standardised questionnaires, including pre-menstrual symptoms, alexithymic traits, 160 

paranoid thoughts, and more. Descriptive statistics on a selection of these data are 161 

included in SI Table S1 to characterise the sample but are not reported in any 162 

analyses as they are not the focus of this paper. 163 

Daily tasks 164 

Phase Adjustment Task (PAT): Participants completed the PAT [34,35] via 165 

smartphone application (Figure 1A). During the task, participants hold their finger 166 

over the camera and flash while heartbeats are recorded via photoplethysmography. 167 

A 180 second baseline recording of heart rate (HR) preceded 4 practice trials and 20 168 

experimental trials. In the first two practice trials participants were asked to match 169 



   

 

two tones (as per the Screener task; described below) and in the second two 170 

practice trials participants were asked to match tones to heartbeats as per the 20 171 

experimental trials.  172 

On each experimental trial, a series of 40 ms tones are presented that are triggered 173 

by heartbeats. These tones are presented at the rate of each participant’s HR but are 174 

phase-shifted relative to the heartbeats. The initial offset is randomised across trials 175 

and the point on the dial where heartbeats and tones are synchronous is randomised 176 

across trials. Participants are instructed to place their finger on a virtual dial and 177 

rotate it to adjust the tones until they perceive the tones to be synchronous with their 178 

heartbeats. Once they are ready to submit their response, with their finger still on the 179 

dial, they use another finger of that hand to tap a lock button to confirm their 180 

response and slide their index finger from the dial to a submission button. Holding 181 

this submission button for 2 seconds submits their response and activates the next 182 

trial. To discourage ‘cheating’ (i.e., feeling their pulse with one hand during the task), 183 

a feature is implemented in the application which detects if the participant removes 184 

their finger from the dial before submitting their response. A trial is aborted if their 185 

finger is removed from the dial for longer than 1000 ms. In this case, the trial is 186 

discarded and repeated with a new starting phase. During practice trials, there are 187 

no limits on how often a participant triggers this “cheat-avoidance” feature. During 188 

experimental trials, participants can attempt a maximum of 40 trials (i.e., 20 valid 189 

trials and 20 “cheat-avoidance” trials), before the task terminates. A session is 190 

considered invalid if a participant exceeds this limit (see [35] for details). Notably in 191 

our sample the cheat avoidance feature was activated only in 3.3% of completions of 192 

the PAT (far fewer than the tone-flash control task (TCT) described below; 23.2% of 193 

completions).  194 



   

 

During the task, heartbeat detection was carried out using an automated peak-195 

detection algorithm applied to the PPG waveform. To minimise noise, detected inter-196 

beat intervals (IBIs) shorter than 400 ms or longer than 1.8 s were discarded. 197 

Additionally, any IBI that differed by more than 30% from the previous valid IBI was 198 

rejected to minimise the influence of transient artefacts or ectopic heartbeats. When 199 

an IBI was rejected, the algorithm accepted the next detected period that met the 200 

criteria described above. Offline, we employed several further quality checks [35]. To 201 

extract HR and HRV from baselines, we first screened IBIs ensuring that they 202 

corresponded to predefined lower and upper bounds (0.5–1.5 s; 40-120 bpm). For 203 

HRV, we identified the longest continuous segment of IBIs within this valid range to 204 

calculate RMSSD ensuring a minimum length of 30 seconds to ensure reliability [35] 205 

(89.3% of samples had valid PAT HRV data). For task trials, quality filters removed 206 

cheat avoidance trials, duplicates, practice trials, trials with zero dial movements or 207 

≤3 recorded heartbeats, as well as trials where HR fell outside of physiologically 208 

plausible limits for recordings at rest (40–120 bpm). Completions with fewer than 17 209 

valid trials were excluded from further analysis. As pre-registered, to balance trial 210 

counts across participants and completions, only the first 17 valid trials were retained 211 

for scoring. Engagement metrics were obtained for each session (i.e., time spent on 212 

trials, number of dial-turns per trial). Participants overall completed 645 PAT sessions 213 

across an average period of 55.9 days (SD = 6.14, range 46-70) before any post-hoc 214 

exclusions (see below). Note that confidence ratings are collected after the task but 215 

are not relevant to the present investigation.  216 

As pre-registered, scoring followed the framework introduced by Palmer et al [35] 217 

which captures non-random responding based on the extent to which participants 218 

select a consistent delay or phase over trials. For both scoring methods, consistency 219 



   

 

was defined using delay values as periodic functions of the heartbeat period where d 220 

is the delay and p is the heartbeat period. 221 

𝑐𝑜݊݊݁ݐݏ݅ݏ𝑐ݕ(݀, (݌ = 1݊݉𝑜݀ (∑݁௜2గௗೕ௣௡
௝=1 ) 222 

Fixed-period (delay-based) scoring assesses how consistently a participant selects 223 

absolute delays across trials. For this approach, all delays are interpreted as an 224 

absolute value using a constant participant-specific period, calculated as the 225 

participant’s overall median of the final sequence median IBIs. Because variability in 226 

IBIs affects the chance distribution under this model, an individualised chance 227 

threshold is derived from 10,000 simulations per participant using the participant’s 228 

median IBI1. In this instance, a participant would score highly if they consistently 229 

selected a delay of 200 ms for example, as it suggests they perceive the tones and 230 

heartbeats as synchronous at this delay from the R-peak.  231 

Phase-based consistency scoring assesses whether participants consistently select 232 

the same point in their cardiac cycle across trials, using a trial-by-trial heartbeat 233 

period and a group-level chance threshold derived from 100,000 simulations of 234 

random delay sequences and randomly sampled heartbeats (0.5s-1.5s; note that a 235 

group level cut off is used as IBI does not affect chance thresholds using this 236 

approach [35] where IBI is <.361). For this approach, delays are expressed as phase 237 

angles relative to each trial’s median inter-beat interval (IBI) at the final dial position 238 

(p). Under this approach, a participant would score highly if they consistently 239 

 

1 N = 11 participant sessions were identified as having IBI variability ≥.36 in the PAT and N = 13 for 
the TCT, and were removed following recommendations from Palmer et al35: Note increasing the 
number of simulations from 10,000 to 100,000 simulations for fixed delay scoring produces no 
differences in classification but increases processing speed.  



   

 

selected delays that correspond to the same proportion of their cardiac cycle (e.g., 240 

25%).  241 

To combine these approaches, a binary score is used – interoceptive or non-242 

interoceptive – reflecting above or below chance performance on either scoring 243 

methods. While it is recommended to use the binary classification scores [35] – and 244 

these are included in line with our pre-registered approach – as binary scores result 245 

in a substantial loss of power and we are interested in within person change (where 246 

the degree of change is relevant even in those scoring above chance), we also 247 

included unplanned analyses focusing on continuous consistency scores derived 248 

from the fixed-period (delay) scores. Importantly, we focused on delay-based 249 

consistency scores because phase-based and delay-based continuous scores are 250 

not directly comparable and therefore cannot be combined [35]. In addition, 251 

maximum phase-based consistency scores are affected by IBI variability, meaning 252 

that only the binary score is valid for phase-based scoring [35]. Therefore, in follow 253 

up analyses we retained only delay-based continuous scores, excluding participant 254 

sessions classified as interoceptive solely based on phase-based consistency 255 

(3.96% of sessions). Each participant (N = 20) contributed on average 24.9 valid PAT 256 

sessions (SD = 7.62; range = 10-37) and overall participants were classified as 257 

interoceptive on 23% of occasions after data cleaning and screening on TCT 258 

performance.  259 

Tone-Flash Control Task (TCT): A matched non-interoceptive control task was 260 

developed for the purposes of this study (Donaghy et al. [in prep]; Figure 1B). This 261 

task is matched to the PAT, but in place of heartbeats, participants matched tones 262 

(40 ms) to a virtual circle which pulses (expands and shrinks) for 100 ms and 263 

remains for 40 ms. To match variable presentation in the TCT to variable 264 



   

 

presentation on the PAT, the pulsing shape was triggered by the heartbeat and 265 

heartbeat was recorded throughout. Participants were not informed that the flashing 266 

shape was linked to their heartbeat. Participants read the same matched instructions 267 

(only “heartbeats” is replaced by “flashing circle”; see Donaghy et al. [in prep]; Figure 268 

1C), they rotate the same virtual dial and the procedure is identical for trial 269 

submission (including the “cheat-avoidance” feature outlined above and cleaning; 270 

Figure 1D). Scoring followed the same framework as the PAT, as described above. 271 

As with the PAT, binary scores included all sessions, including phase-only 272 

classifications where IBI variability was <.36 (N = 13 ≥ .36). For continuous TCT 273 

scores, phase-only classification sessions were excluded as per the PAT, and fixed-274 

period delay consistency scores were used. Before data cleaning and screening TCT 275 

performance, participants were classified as passing the TCT on 77.7% of 276 

occasions. Following screening, each participant (N = 20) contributed on average 277 

25.25 valid (passed) TCT sessions (SD = 8.90; range = 7-39). 278 

Screener Task: In the orientation, all participants completed a supervised screener 279 

task (see [34,35]). This was identical to the above tasks, but participants instead 280 

matched two tones (40 ms, 30 ms), with one tone (30 ms) unbeknownst to 281 

participants representing their heartbeat. This ensured participants understood 282 

instructions and could fulfil the basic requirements of the PAT and TCT before 283 

commencing the study. Those exhibiting poor performance on the screener task (N = 284 

2) were replaced. Scoring was identical to the PAT and TCT as described above. 285 

Following the above processing, the final number of observations consisted of 514 286 

valid PAT observations and 520 TCT observations. 287 



   

 

 288 

Figure 1. Illustration of the Phase Adjustment Task (A) and novel Tone-flash Control 289 

task (TCT) developed for the current study (B), with example of matched instructions 290 

(C) and example of cheat avoidance mechanism implemented in both tasks to (D). 291 

Cervical mucus ratings, temperature and confounds: Each morning, participants 292 

rated their cervical mucus qualities using the following scale; dry/no discharge (1), 293 

sticky (2), wet and watery (3), creamy (4), very wet and stretchy, resembles raw egg 294 

white (5), menstruating i.e. on my period (6), spotting (7) and received guidance on 295 

this in the orientation (see Supplementary Files: Orientation-Slides.pdf). The ratings 296 

were developed from the Creighton Model and Billings Method for tracking the 297 

sensation, texture and appearance of cervical mucus qualities [36], and are in line 298 

with existing cervical mucus options available in menstrual cycle tracking apps (i.e., 299 

Apple Health: Dry, Sticky, Watery, Creamy, Egg White, Period, Spotting).  300 

Participants recorded temperature from the mouth using a Numark Health 301 

thermometer and reported potential confounds affecting basal body temperature 302 

(BBT) in this morning questionnaire (alcohol use and illness [37,38] in the last 24 303 



   

 

hours; yes/no). Temperature was also recorded by an Apple Watch worn over night 304 

to record BTT from the wrist (Series 10, version OS 11+). When estimating BTT, we 305 

focused on the Apple Watch recordings as temperature is sampled every 5 seconds 306 

during sleep and logged on wake up and such dense sampling is likely to provide 307 

more precise estimates compared to mouth temperature taken once per day. BBT 308 

estimates for days where confounds were reported in the past 24 hours (e.g., 309 

alcohol/illness) were excluded. In addition, every morning participants reported the 310 

presence of bothersome symptoms (yes/no) based on a combination of items from 311 

the Somatic Symptoms Scale 8-item (SS8 [39,40]) and the Premenstrual Symptoms 312 

Screening Tool (PSST [41]). For this study, we restricted to physical symptoms, and 313 

a total daily count was calculated after excluding affective items from the PSST (e.g. 314 

‘tearfulness/sensitivity to rejection’).  315 

Interoceptive attention ratings: Four items adapted from the Interoceptive Attention 316 

Scale (IATS [42]) assessed self-reported attention to heartbeats/breathing, 317 

hunger/thirst, urination/defecation, and stomach/gastric sensations in the past five 318 

minutes (yes/no). We selected these items based on relevance, as well as previous 319 

work suggesting that these are the most engaged interoceptive signals [43]. A yes/no 320 

response was used instead of a rating scale as previous work suggests that this is 321 

the most appropriate approach [43], and we collapsed items that may show 322 

redundancy [44] to reduce participant burden (e.g., heartbeats and breathing). A 323 

daily total score was calculated as the sum of all items.  324 

As interoceptive attention may have different qualities [45,46], after each item 325 

participants were also asked to rate the quality of their interoceptive attention. This 326 

was done using a scale from Very Negative/Unhelpful (1) to Very Positive/Helpful (5) 327 

in response to the following item “How would you describe this attention/lack of 328 



   

 

attention to… (e.g., heartbeats/breathing)”. A variant of this question was asked 329 

regardless of whether participants reported attention to bodily signals or not (e.g., 330 

“lack of attention”) to ensure a matched participant experience, but we only explored 331 

the affective quality of interoceptive attention where participants responded “Yes”. 332 

For this we took all occasions where participants responded 'Yes' to any of the four 333 

interoceptive attention items (1 = Very Negative/Unhelpful to 5 = Very 334 

Positive/Helpful). 335 

Exteroceptive attention 336 

One item assessed daily self-reported exteroceptive attention [43]. As per the 337 

interoceptive attention questions, this question asked participants to report (yes/no) 338 

whether in the last 5 minutes they were paying attention to auditory signals (e.g., 339 

listening to music, the television or a podcast, as well as things in the background 340 

like birds singing, transport noises, the sound of people talking). This item was 341 

included to test the specificity of menstrual effects on interoceptive attention, given 342 

that cycle-related changes may be observed in general attentional processes rather 343 

than interoception specifically. As we did for interoceptive attention, we assessed the 344 

affective quality of exteroceptive attention by following Yes/No responses with a 345 

question to rate the quality of their exteroceptive attention. Scoring was identical to 346 

the procedure described above for interoceptive attention.  347 

Weekly questions 348 

To monitor ongoing participation, each week participants were sent one notification 349 

to report on changes in contraception use (emergency or long-term), pregnancy 350 

(suspected or confirmed) and vulva/mucus symptoms or medication (yes/no). New 351 

symptoms (e.g., odour, soreness, itching) and medication use (e.g., antibiotics) were 352 



   

 

collected as additional information for post-hoc verification of the sampled menstrual 353 

cycles in case of unexpected characteristics (e.g., atypical mucus reporting). There 354 

were no reports of changes to contraception, pregnancy or medication. Four reports 355 

of vulva changes (vulva itching, irritation or redness N=2; unusual change in the 356 

consistency i.e., thick, white; N=2) were not considered having an influence on the 357 

sampled menstrual cycles because they otherwise followed the expected patterns 358 

and did not disrupt ovulatory indicators. 359 

Other ratings  360 

Several other daily and weekly questionnaires were included (see Supplementary 361 

Files: Questionnaire and Task list.docx) but are not reported here as they are not 362 

relevant to the questions explored in the present study.  363 

Procedure 364 

Participants who passed the eligibility screening survey completed the demographic 365 

questionnaire and were invited to attend a comprehensive individual orientation with 366 

the lead researcher. Participants completed the screener and TCT. As pre-registered, 367 

those who passed were invited to continue and were instructed to complete the PAT 368 

later that day. After the tasks, participants watched an instructional video on how to 369 

track and report cervical mucus and answered questions to consolidate 370 

understanding (see in Supplementary Files: Orientation-Slides.pdf). Participants 371 

were given an Apple Watch configured to record temperature each night and were 372 

enrolled in the notification app which began prompting questions and task reminders 373 

the next day. For the first 5 days, only morning prompts were sent to familiarise 374 

participants with the procedures for temperature recordings and reporting of cervical 375 



   

 

mucus, and to allow the Apple Watch to establish BBT. From the sixth day, the 376 

remaining prompts began for all other daily questions and tasks (described below).  377 

Using their previous menstrual cycle tracking data (described above), participants 378 

were enrolled ensuring that the sixth day of the study fell on a specific menstrual 379 

cycle phase (N=5 per phase: perimenstrual, midfollicular, periovulatory, midluteal). 380 

This counterbalancing was deemed essential to ensure that start date was not 381 

confounded with menstrual cycle phase as it was yet not known whether any of the 382 

interoceptive measures would exhibit practice/fatigue effects as no prior studies have 383 

so densely sampled interoceptive ability across such a protracted period. Allocation 384 

to starting phases was not randomised but was instead informed by the participant’s 385 

next cycle phase and orientation availability. Note that all participants completed 386 

measures densely sampled in each phase on two occasions (i.e. from two cycles). 387 

However, due to counterbalancing, observations could span phases from three 388 

separate cycles, such that each participant contributed both a complete cycle 389 

sequence (perimenstrual to midluteal) and cross-cycle observations (e.g., 390 

perimenstrual from cycle 1 and remaining phases from cycle 3), hereafter referred to 391 

as a merged cycle. 392 

For two menstrual cycles, participants received a series of prompts to complete 393 

measures throughout the day (outlined above): one was sent each morning at their 394 

specified average wake-up time, followed by a reminder 1 hour later (morning 395 

questions; e.g., temperature; cervical mucus tracking). A 10-hour window for 396 

completion was given before this expired. Two further notifications were sent 397 

randomly between 10am-8pm. One prompt asked participants to report on their 398 

interoceptive attention, while the other asked for reports of exteroceptive attention 399 

(as well as other measures; see attention sets in Questionnaire and Task list.docx). 400 



   

 

The order of these prompts was randomised across the study, and participants were 401 

given a 2-hour window to respond before links expired. Each evening (randomly 402 

between 8.30pm-9pm), participants were also reminded to complete the TCT and 403 

PAT before the end of day. They were instructed to complete the tasks at least every 404 

2 days to meet the study requirements. Engagement was monitored throughout and 405 

all participants were sent frequent reminders by email to alternate the order of the 406 

tasks (TCT/PAT first). To further ensure compliance, each week participants 407 

uploaded their Apple Health data to ensure participant compliance with the daily 408 

Apple Watch and cervical tracking.  409 

Data availability statement 410 

Scripts for analysis can be found at 411 

https://osf.io/fsvyu/overview?view_only=785bf6d9bfe7440091e391fe492d98c2 and 412 

data can be found at Figshare (link inserted on acceptance of paper). 413 

Analysis strategy 414 

All analyses were carried out in R version 4.4.3.  415 

PAT scoring 416 

Although we utilised all available data for analyses of the PAT and TCT, as pre-417 

registered and recommended [35] our primary analyses of PAT scores are restricted 418 

to sessions with a corresponding TCT pass (though for transparency results from the 419 

full sample are provided in SI and referred to in the main text). This restriction 420 

ensures that differences in PAT performance are not due to an inability to match 421 

stimuli or disengagement in the tasks more generally (given that participants were 422 

completing both tasks daily). Thus, when examining PAT scores, we included all 423 

sessions where there was a corresponding TCT pass for that session (including 424 



   

 

phase-only classifications) resulting in a total of 514 PAT sessions (21.6% TCT 425 

sessions were excluded).  426 

Menstrual phases 427 

Daily data were allocated to four menstrual phases following prior recommendations 428 

[30]. Phases were defined using the forward and backward counting method from 429 

menses onset and next observed menses collected from daily tracking data 430 

throughout the study: perimenstrual (-3 to +2 days; low estradiol and progesterone 431 

levels), midfollicular (days 4-7; low progesterone, estradioal increasing), 432 

periovulatory (-15 to -12 days; estradiol peaks and falls, progesterone increasing), 433 

and midluteal (-9 to -5 days; rising estradiol and progesterone) (see Figure 2A). 434 

Ovulatory cycles were verified in all data by peak BBT and sustained rise following 435 

nadir (see Figure 3A) and/or the presence of stretchy cervical mucus +/- 2 days 436 

periovulatory window (see Figure 3B). 437 

As we employed daily experience sampling, participants completed measures on 438 

transitionary days between phases. Prior studies typically discard these data which 439 

does not fall within cycle windows, though this represents substantial data loss (in 440 

the present study 36.2% of observations for the PAT). Whilst there is currently no 441 

agreed method for making use of these data, to maximise power we used linear 442 

interpolation to assign proportional phase weights to data obtained during transitional 443 

days (weights summing to 1; see Figure 2B). Days falling within a pre-defined phase 444 

(as above) were assigned a weight of 1, whereas, for example, observations falling 445 

on day 3 (a transitionary day between the perimenstrual and midfollicular phases) 446 

would contribute equally to the perimenstrual and midfollicular phases (assigned 447 

weights 0.5) but not contribute to the periovulatory and midluteal phases (see 448 



   

 

Supplementary Files: Exmaple-Phase-Weighting.csv). Given that ovulation is 449 

unlikely before cycle day 8 (even in the shortest cycles i.e <21 days) [24], 450 

periovulatory weights were constrained to zero prior to day 8, with interpolation 451 

beginning from day 8 onwards and the preceding midfollicular phase always 452 

assigned weight 1 due to it being defined as days 4-7. Across two menstrual cycles, 453 

this yielded a final sample of up to 520 observations (N = 514 PAT, 520 interoceptive 454 

attention). Note that due to this approach, rather than using cycle phase as a 455 

grouping factor in models, each phase is entered as a fixed effect containing 456 

continuous bounded weights between 0 and 1.  457 

 458 

Figure 2 A) Illustration of key hormonal shifts in a typical 28-day menstrual cycle, 459 

corresponding to the four menstrual phases highlighted. Values are in relative units 460 

and based on reference values from Stricker et al [47]. B) Example of weighted 461 

phases from one participant across a single complete menstrual cycle, 462 

demonstrating phase weights for transitionary days between the phases. Full bars = 463 

days entirely within a phase window. Split bars = transitionary days. 464 



   

 

 465 

Figure 3. A) Example of BBT wrist temperature readings and B) cervical mucus 466 

ratings from the same participant in a single complete menstrual cycle. Turquoise 467 

shading highlights the periovulatory phase that precedes a temperature peak 468 

following ovulation, and ratings indicating more fertile cervical mucus; ‘Very wet and 469 

stretchy, resembles raw egg white’ (in blue) occurring on Days 16 and 17, falling in 470 

the expected approximate window. 471 

 472 

Statistical models and data checks  473 

As pre-registered, we used multi-level models and selected a series of generalised-474 

linear multi-level models because the distributional properties of our outcome 475 

variables were not well suited to Gaussian assumptions. Specifically, posterior 476 

predictive checks of initial Gaussian models revealed insufficient fit, with predicted 477 

values falling outside the theoretical bounds of several outcomes (e.g., PAT 478 

consistency scores bounded between 0 and 1). We therefore selected model 479 

families appropriate to each outcome's distribution, including Beta, Bernoulli, and 480 

cumulative ordinal regression, implemented within a Bayesian framework, which 481 

provide a robust way to quantify uncertainty around the effects of interests. These 482 

models compute the posterior probability of different effects given the observed data, 483 

resulting in a distribution of possible values for the parameters [48]. From the 484 



   

 

posterior distribution it is possible to derive useful scalar summaries, such as the 485 

probability of direction (pd), which reflects the probability that a parameter is strictly 486 

positive (Δ > 0) or negative (Δ < 0). A pd between 97.5% and 99.95% corresponds 487 

approximately to two-sided p-values between .05 and .001 in common frequentist 488 

approaches [49]. However, the primary criterion for a meaningful directional effect is 489 

whether the 95% credible interval (CrI), i.e., 95% of the posterior probability, does 490 

not include zero (or include one for binary models). The pd is used as an additional 491 

measure of evidential strength, with values ≥ 95%-99% or 0-5% considered 492 

indicative of moderate-to-strong evidence for a directional effect, depending on the 493 

direction i.e. positive (pd(> 0)) or negative (pd(< 0))2.  494 

To identify potential covariates and ensure the suitability of data for longitudinal 495 

analyses, we used Bayesian multilevel regression models to run preliminary checks 496 

prior to our main analyses. Specifically, we used gaussian models to examine 497 

whether cardiac variables (HR/HRV) and task engagement metrics (i.e., time spent 498 

on trials) varied across menstrual phases, given previous evidence of phase-related 499 

changes HR and HRV [21,22,27,50]; Beta regression models for exploring potential 500 

covariates in relation to consistency score outcomes (bounded 0-1) and; Poisson 501 

models for examining potential covariates in relation to count outcomes 502 

(interoceptive attention). These data checks examined 1) whether aforementioned 503 

variables varied across menstrual phases; 2) whether completion number, cardiac 504 

variables or task engagement predicted PAT and TCT performance; and 3) the 505 

 

2 Note that effect sizes were reduced in models including HRV, as HRV data were missing for 
13.5% of PAT and 10.7% of TCT sessions. Importantly, when the PAT analyses were 
restricted to participants with valid HRV data, effect sizes were comparable before and after 
HRV was added as a covariate, suggesting that the attenuation reflected the reduced 
sample rather than adjustment for HRV itself. 
 



   

 

relationship between the four interoception measures. Where a potential confound 506 

covaried with interoception measures or menstrual cycle phase, it was controlled for 507 

in sensitivity analyses.   508 

Modelling across the menstrual cycle 509 

We used Bayesian regression models for all main analyses. Beta models examined 510 

whether PAT and TCT performance varied across the menstrual cycle, given the 511 

bounded outcome [51] (0-1), with sensitivity analyses used to compare Beta 512 

regression models including and excluding identified covariates. Models were also 513 

applied to examine variation in self-reported interoceptive attention (Poisson; range 514 

0-4) and exteroceptive attention (Bernoulli; 0,1) across the menstrual cycle (before 515 

and after including covariates). Exploratory analyses investigated the interoceptive 516 

attention models before and after including self-reported symptom burden, as well as 517 

whether participants’ subjective appraisal of their interoceptive and exteroceptive 518 

attention varied across menstrual phases (i.e., the extent that they perceived their 519 

attention to bodily signals to be positive/helpful or negative/unhelpful), with quality 520 

ratings modelled as an ordered outcome (1 = Very Negative/Unhelpful to 5 = Very 521 

Positive/Helpful) using a Bayesian ordinal regression [51].  522 

Models were fitted using the R package brms (v2.23.0 [52]) with rstan backend 523 

function and participant-level random intercepts. All continuous predictors and 524 

covariates were standardised (z-scored). Weakly informative priors were applied on 525 

all parameters: Normal(0, 1) for the intercept and fixed effects, Exponential(1) for the 526 

random effect standard deviation and the Beta precision parameter (φ). When 527 

modelling menstrual phase effects, cycle phase was dummy coded. To examine all 528 

contrast levels, each phase was modelled as a reference category with remaining 529 



   

 

phases as fixed effects. Fit for all Bayesian models was confirmed via posterior 530 

predictive checks. 531 

Given emerging evidence of intra-individual between-cycle variation in hormonal 532 

patterns [53], in exploratory analyses we repeated the above, stratifying the dataset 533 

to include observations from 1) a complete cycle (i.e., observations sequencing from 534 

perimenstrual to midluteal) and 2) across cycles (i.e., observations where at least 535 

one phase is drawn from a different menstrual cycle to the rest of the phases), 536 

referred to as a merged cycle. This allowed us to explore whether cycle variation 537 

may have influenced any observed phase effects.  538 

Results 539 

Data checks 540 

Prior to examining variation in cardiac interoceptive accuracy and interoceptive 541 

attention across the menstrual cycle, we conducted a series of preliminary checks to 542 

identify physiological and task-related factors that might influence performance. Full 543 

results are reported in SI. 544 

First, we examined whether relevant physiological and behavioural variables varied 545 

across menstrual-cycle phases. Resting heart rate (HR) was higher in the midluteal 546 

than midfollicular phase (SI Table S2), whereas there was no strong evidence for 547 

phase-related variation in heart rate variability (HRV) (SI Table S3). Task 548 

engagement also varied across the cycle: participants tended to spend less time on 549 

PAT and TCT trials during the perimenstrual phase than during midfollicular and 550 

periovulatory phases (SI Table S4). 551 

We next examined whether these factors were related to PAT and TCT performance 552 

(SI Table S5). HR was not associated with PAT performance, but higher HR was 553 



   

 

associated with poorer TCT performance when continuous delay scores were 554 

examined. Time spent on trials was positively associated with performance on both 555 

the PAT and TCT. HR was therefore included in sensitivity analyses of TCT 556 

performance, and trial duration was included in relevant sensitivity analyses for both 557 

tasks. Although evidence for associations between HRV and task performance was 558 

limited, HRV was also included in sensitivity analyses given previous reports linking 559 

HRV to cardiac interoceptive accuracy [28-29]. We also tested for practice or 560 

boredom effects. There was no reliable evidence that PAT performance, TCT 561 

performance, or self-reported interoceptive attention changed as a function of task 562 

completion date. Self-reported exteroceptive attention, however, decreased across 563 

repeated completions, and task completion was therefore included as a covariate in 564 

models involving exteroceptive attention. 565 

Finally, we examined relationships among the interoceptive measures (SI Table S6). 566 

Evidence for an association between PAT and TCT performance was uncertain. 567 

There was little evidence that either PAT or TCT performance was associated with 568 

self-reported interoceptive attention. In contrast, there was probable evidence for a 569 

positive association between self-reported interoceptive and exteroceptive attention. 570 

There was also probable evidence for a positive association between exteroceptive 571 

attention and PAT performance, particularly for continuous PAT scores, whereas 572 

evidence for an association between exteroceptive attention and TCT performance 573 

was weak. 574 

Modelling interoceptive accuracy by menstrual phase  575 

In the full dataset (prior to TCT exclusions; N=656), we found suggestive but 576 

inconclusive evidence that PAT binary scores varied across menstrual cycle phases, 577 



   

 

with the pattern showing higher accuracy in the periovulatory vs perimenstrual phase 578 

(OR = 1.65, 95% CrI [0.882, 2.838]; pd(OR > 94%; see Table S7). When restricting 579 

to PAT sessions with a corresponding TCT pass as pre-registered (N=516), evidence 580 

for a periovulatory advantage in the PAT remained probable but below threshold (OR 581 

= 1.69, 95% CrI [0.843, 3.104]; pd(OR > 1) = 92%; Table 1). 582 

When examining continuous consistency scores, the full unscreened dataset (prior to 583 

TCT exclusions; N=633) again showed inconclusive evidence of a periovulatory 584 

advantage (Δ = 0.024, 95% CrI [−0.01, 0.057]; pd(Δ > 0) = 92%; see Table S8). 585 

When restricting to TCT-screened sessions as pre-registered (N=498; see Table 2), 586 

evidence strengthened for the periovulatory vs midluteal (Δ = 0.033, 95% CrI 587 

[−0.005, 0.072]; pd(Δ > 0) = 96%) and periovulatory vs perimenstrual phase 588 

contrasts (Δ = 0.031, 95% CrI [−0.006, 0.067]; pd(Δ > 0) = 95%), though credible 589 

intervals crossed zero in both cases.  590 

Exploratory analysis in a complete cycle vs merged cycle 591 

Exploratory analysis revealed notable differences between the complete-cycle and 592 

merged-cycle subsamples. PAT results from the complete-cycle sample were largely 593 

consistent with the results from two cycles. In contrast, the merged-cycle subset 594 

showed little evidence of phase-related differences in cardiac interoceptive accuracy. 595 

We detail these below, focusing on screened sessions (with a corresponding TCT 596 

pass) for brevity. 597 

In the complete cycle, there was moderate-strong evidence that the likelihood of 598 

being classified as interoceptive was higher during the periovulatory vs perimenstrual 599 

phase (N=250, OR = 2.63, 95% CrI [0.971, 5.923]; pd(OR > 1) = 97%; see Table 1), 600 

though the credible interval marginally crossed 1. In contrast, there was no evidence 601 



   

 

of a phase-effect in the merged-cycle (N=266; pds(OR > 1) ≤64%, see Table 1). This 602 

pattern was also observed in the full dataset prior to TCT exclusions (complete cycle; 603 

N=325, merged cycle; N=331; see Table S7).  604 

Table 1. Model estimates of differences in the odds ratio for PAT binary classification 605 

(1=pass, 0=fail) between menstrual phases, in two menstrual cycles, a complete 606 

cycle, and merged cycles. Data screened for a corresponding pass in the TCT 607 

control task. Odds ratios for PAT classification during each menstrual phase are 608 

presented. 609 

PAT performance (binary classification scores) Note: Odds Ratios reported for phase contrasts 

 

Two cycles (N = 516) Complete cycle (N = 250) Merged cycles (N = 266) 

Prob 95% CrI pd(OR > 1) Prob 95% CrI pd(OR > 1) Prob 95% CrI pd(OR > 1) 

Contrast (Odds Ratios) 

Periovulatory – Perimenstrual 1.687 [0.843, 3.104] 93% 2.630 [0.971, 5.923] 97% 0.930 [0.367, 1.918] 36% 

Periovulatory – Midluteal 1.555 [0.708, 2.978] 84% 2.311 [0.727, 5.569] 91% 1.128 [0.394, 2.59] 51% 

Periovulatory – Midfollicular 1.551 [0.68, 3.061] 83% 1.986 [0.583, 4.974] 84% 1.161 [0.363, 2.82] 51% 

Midfollicular – Perimenstrual 1.180 [0.554, 2.218] 61% 1.560 [0.538, 3.597] 75% 0.929 [0.352, 2.018] 36% 

Midfollicular – Midluteal 1.076 [0.498, 2.054] 50% 1.369 [0.41, 3.385] 62% 1.110 [0.39, 2.572] 48% 

Perimenstrual – Midluteal 0.967 [0.458, 1.801] 39% 0.964 [0.329, 2.282] 37% 1.296 [0.502, 2.825] 64% 

Menstrual Phase 

Perimenstrual 0.181 [0.094, 0.299]  0.133 [0.055, 0.25]  0.262 [0.135, 0.429]  

Midfollicular 0.197 [0.102, 0.327]  0.174 [0.071, 0.325]  0.233 [0.107, 0.407]  

Periovulatory 0.259 [0.147, 0.403]  0.260 [0.123, 0.441]  0.234 [0.113, 0.398]  

Midluteal 0.196 [0.103, 0.319]  0.153 [0.061, 0.293]  0.234 [0.111, 0.4]  

 610 

For continuous consistency scores, we found strong evidence that cardiac 611 

interoceptive accuracy was higher in the periovulatory phase than the perimenstrual 612 

phase in the complete cycle data (N = 239; Δ = 0.054, 95% CrI [0, 0.111], pd(Δ > 0) = 613 

97%; see Table 2 and Figure 4A). This was also consistent in the complete cycle 614 



   

 

data prior to TCT exclusions (N = 309, Δ = 0.052, 95% CrI [0.004, 0.101]; pd(Δ > 0) = 615 

98%; Table S8). In contrast, there was no evidence of a phase-effect in the merged-616 

cycle subsample (N=259; pds(Δ > 0) ≤73%, see Table 2).  617 

The above effects were robust to the inclusion of covariates (HR, HRV, and time 618 

spent on trials; see SI Tables S9–14)3.  619 

Control task (TCT) performance across the menstrual cycle 620 

In the full sample, there was no strong evidence of a phase effect on TCT scores 621 

across binary (N=665; pds ≤ 88%, see Table S15) or continuous scores (N=652; pds 622 

≤ 77%, see Table S19). However, comparable analyses of TCT scores in the 623 

complete and merged cycles revealed evidence of phase-effects in the complete 624 

cycle only. Binary classification showed suggestive evidence of lower TCT 625 

performance in the midfollicular vs midluteal phase (N=327, OR = 0.517, 95% CrI 626 

[0.146, 1.108]; pd(OR > 1) = 96%; Table S15) which was strengthened after 627 

including HRV and time spent on trials as covariates (e.g., HRV Table S17; N=284, 628 

OR = 0.384, 95% CrI [0.123, 0.9]; pd(OR > 1) = 1%). Continuous delay scores 629 

showed the same pattern (Δ = −0.060, 95% CrI [−0.115, −0.005]; pd(Δ < 0) = 98%; 630 

see Tables S19-22). Neither effect was present in the merged cycle. 631 

 632 

 

3 Note that effect sizes were reduced in models including HRV, as HRV data were missing for 13.5% 
of PAT and 10.7% of TCT sessions. Importantly, when the PAT analyses were restricted to participants 
with valid HRV data, effect sizes were comparable before and after HRV was added as a covariate, 
suggesting that the attenuation reflected the reduced sample rather than adjustment for HRV itself. 



   

 

Table 2. Model estimates of mean differences in PAT consistency scores following 633 

TCT screening, between menstrual phases. The table presents results from two 634 

menstrual cycles, a complete cycle, and merged cycles. Mean PAT consistency 635 

scores during each menstrual phase are also presented. Contrasts are ordered by 636 

descending pd(Δ > 0). Values > 50% indicate the first phase in the contrast is higher 637 

on average while values < 50% indicate the reverse. Clustering of pd values near 638 

50% reflects the absence of a consistent directional pattern. 639 

 640 

PAT consistency scores, following TCT screening 

 

Two cycles (N = 498) Complete cycle (N = 239) Merged cycles (N = 259) 

Mean 95% CrI pd(Δ > 0) Mean 95% CrI 
pd(Δ > 
0) Mean 95% CrI 

pd(Δ 
> 0) 

Contrast 

Periovulatory – Midluteal  0.033 [-0.005, 0.072] 96% 0.048 [-0.01, 0.104] 95% 0.016 [-0.042, 0.073] 70% 

Periovulatory – Perimenstrual 0.031 [-0.006, 0.067] 95% 0.054 [0, 0.109] 97% 0.001 [-0.052, 0.054] 52% 

Periovulatory – Midfollicular 0.019 [-0.023, 0.062] 82% 0.033 [-0.029, 0.097] 85% -0.002 [-0.061, 0.056] 48% 

Midfollicular – Midluteal 0.014 [-0.024, 0.053] 76% 0.014 [-0.043, 0.071] 69% 0.018 [-0.039, 0.075] 73% 

Midfollicular – Perimenstrual 0.011 [-0.029, 0.051] 71% 0.021 [-0.035, 0.078] 77% 0.003 [-0.058, 0.062] 54% 

Perimenstrual – Midluteal 0.003 [-0.035, 0.042] 55% -0.006 [-0.061, 0.049] 40% 0.015 [-0.042, 0.071] 69% 

Menstrual Phase 

Perimenstrual 0.271 [0.228, 0.316]  0.253 [0.203, 0.305]  0.293 [0.243, 0.345]  

Midfollicular 0.282 [0.238, 0.329]  0.274 [0.22, 0.332]  0.296 [0.246, 0.35]  

Periovulatory 0.302 [0.259, 0.348]  0.307 [0.25, 0.367]  0.294 [0.247, 0.343]  

Midluteal 0.268 [0.226, 0.312]  0.260 [0.21, 0.315]  0.278 [0.23, 0.329]  

 641 

Additional checks  642 

As participants were instructed to counterbalance the order of the PAT and TCT, we 643 

also examined whether order interacted with the above by including order as a 644 

categorical predictor. Notably, all patterns were unchanged with the inclusion of 645 

order.  646 



   

 

 647 

Figure 4. Plots showing the posterior estimates for interoceptive accuracy i.e. PAT 648 

score (B) and interoceptive attention (A) (x-axis) across menstrual phases (y-axis). 649 

Bars at each phase show the 95% credible intervals for the predicted (A) mean PAT 650 

consistency score and (B) interoceptive attention count at each phase in relation to 651 

each other. Note: Estimates were computed from models using perimenstrual phase 652 

as the baseline reference phase. Each panel represents the results from phases 653 

across two menstrual cycles, a complete cycle, and merged cycles. 654 

 655 

Modelling interoceptive attention by menstrual phase  656 

Table 3 shows the predicted average attention to interoceptive signals in each 657 

menstrual phase and posterior contrasts between each phase based on 520 658 

observations. Estimated mean scores were highest during the perimenstrual phase 659 

(M = 1.45, 95% CrI [1.14, 1.81]) and there was strong evidence (pds(Δ > 0) = 99%) 660 

that attention to interoceptive signals was higher in perimenstrual relative to all other 661 

phases (Figure 4B); midfollicular (Δ = 0.351, 95% CrI [0.090, 0.616]), periovulatory (Δ 662 



   

 

= 0.337, 95% CrI [0.042, 0.648]) and midluteal (Δ = 0.396, 95% CrI [0.091, 0.715]). 663 

In contrast, there was no evidence that exteroceptive attention varied across 664 

menstrual cycle phases (Table S23), with this effect unchanged after controlling for 665 

completion number.  666 

Exploratory analysis in a complete-cycle vs merged-cycle 667 

The results from complete-cycle data were largely consistent with the pattern from 668 

two cycles (see Table 2). Attention to bodily sensations was highest during the 669 

perimenstrual phase (M = 1.54, 95% CrI [1.162, 1.98]), again with the largest positive 670 

differences observed against the midluteal (Δ = 0.515, 95% CrI [0.067, 0.983]) and 671 

midfollicular phases (Δ = 0.435, 95% CrI [0.012, 0.88]). All contrasts met the 672 

threshold for strong evidence of a directional effect where the 95% CrI did not cross 673 

zero (pd(Δ > 0) = 98%). In contrast, when examining the merged-cycle observations, 674 

there was little evidence of phase-related differences in interoceptive attention. 675 

Although the pattern and contrasts were broadly similar to the complete-cycle 676 

subsample, the results did not reach thresholds for probable evidence of directional 677 

effects (pds <90%). In contrast, there was no evidence that exteroceptive attention 678 

varied across menstrual cycle phases in the complete or merged cycle data (Table 679 

S23) and this was robust after controlling for completion number.  680 

 681 



   

 

Table 2. Model estimates of mean differences in daily interoceptive attention 682 

between menstrual phases in two menstrual cycles, a complete cycle, and merged 683 

cycles. Mean interoceptive attention during each menstrual phase is presented. 684 

Interoceptive attention by menstrual phase 

 

Two cycles (N = 520) Complete cycle (N = 242) Merged cycles (N = 278) 

Mean 95% CrI pd(Δ > 0) Mean 95% CrI pd(Δ > 0) Mean 95% CrI pd(Δ > 0) 

Contrast 

Perimenstrual – Midluteal 0.399 [0.099, 0.728] 100% 0.515 [0.067, 0.983] 99% 0.196 [-0.218, 0.625] 82% 

Perimenstrual – Midfollicular 0.319 [0.002, 0.647] 98% 0.435 [0.012, 0.88] 98% 0.089 [-0.386, 0.577] 64% 

Perimenstrual – Periovulatory 0.338 [0.028, 0.656] 98% 0.335 [-0.124, 0.787] 93% 0.235 [-0.16, 0.662] 87% 

Midfollicular – Midluteal 0.080 [-0.191, 0.355] 71% 0.079 [-0.323, 0.477] 66% 0.107 [-0.284, 0.515] 70% 

Periovulatory – Midluteal 0.061 [-0.213, 0.343] 66% 0.180 [-0.266, 0.63] 78% -0.039 [-0.393, 0.325] 41% 

Midfollicular – Periovulatory 0.019 [-0.293, 0.33] 55% -0.101 [-0.55, 0.343] 33% 0.146 [-0.285, 0.609] 74% 

Menstrual Phase 

Perimenstrual 1.450 [1.146, 1.811]  1.541 [1.162, 1.98]  1.303 [0.97, 1.695]  

Midfollicular 1.131 [0.88, 1.423]  1.105 [0.815, 1.441]  1.214 [0.888, 1.59]  

Periovulatory 1.112 [0.866, 1.396]  1.206 [0.866, 1.606]  1.068 [0.816, 1.355]  

Midluteal 1.051 [0.807, 1.313]  1.026 [0.72, 1.393]  1.107 [0.849, 1.39]  

 685 

Exploratory analysis of the role of physical symptoms in interoceptive attention 686 

To explore whether phase-related differences in interoceptive attention were 687 

accounted for by the number of physical symptoms reported each day, we repeated 688 

the aforementioned models controlling for daily symptom count. Once physical 689 

symptoms were included in the model, effect sizes reduced and there was no longer 690 

strong evidence for directional effects (see Table S24). The perimenstrual-midluteal 691 

and the perimenstrual-midfollicular contrasts remained the largest differences with 692 



   

 

probable evidence (Pds = 91-97%), however the credible boundaries indicated 693 

greater uncertainty.  694 

Exploratory analysis of the affective evaluation of interoceptive attention   695 

Across the full dataset4, affective evaluations of one’s own interoceptive attention 696 

were rated more positively during the periovulatory phase than the remaining phases 697 

(see Table 3); perimenstrual (Δ = 0.233, 95% CrI [-0.002, 0.468]), midfollicular (Δ = 698 

0.352, 95% CrI [0.027, 0.592]), and midluteal (Δ = 0.221, 95% CrI [-0.039, 0.476). 699 

The periovulatory-midfollicular contrast provided strong evidence for a directional 700 

effect (pd = 98%) with certain evidence based on the credible boundary. The other 701 

contrasts provided moderate evidence (95-97%; see Table 3), although the credible 702 

boundaries indicated greater uncertainty. The complete and merged cycle data, 703 

however, provided little evidence of these patterns likely due to the small number of 704 

observations (as participants only reported paying attention to bodily signals on 20% 705 

of occasions). Evidence that the quality of exteroceptive attention varied across 706 

menstrual cycle phases was limited. There was probable evidence for more 707 

favourable attention in midfollicular vs periovulatory, but the credible interval was 708 

wide and crossed zero (see Table S25). This was robust after controlling for 709 

completion number and consistent across the complete and merged cycles (Table 710 

S26). 711 

 712 

 

4 Each participant could contribute up to 4 response observations per day, as inclusion in the analysis 
was based on whether a participant reported paying attention to an interoceptive item 
(heartbeats/breathing, hunger/thirst, stomach/gastric or urination/defecation). If yes, their appraisal to 
the interoceptive attention was examined.  



   

 

Table 3. Model estimates of mean differences in the appraisal of interoceptive 713 

attention between menstrual phases in two menstrual cycles, a complete cycle, and 714 

merged cycles. Mean affective appraisal to interoceptive attention during each 715 

menstrual phase is presented (1 = very negative/unhelpful, 5 = very positive/helpful). 716 

Affective appraisal of interoceptive attention by menstrual phase (1 = very negative, 5 = very positive) 

 

Two cycles (N = 634) Complete cycle (N = 307) Merged cycles (N = 327) 

Mean 95% CrI pd(Δ > 0) Mean 95% CrI pd(Δ > 0) Mean 95% CrI pd(Δ > 0) 

Contrast 

Periovulatory – Midfollicular 0.312 [0.027, 0.592] 98% 0.296 [-0.123, 0.713] 91% 0.161 [-0.215, 0.541] 80% 

Periovulatory – Perimenstrual 0.233 [-0.002, 0.468] 97% 0.134 [-0.212, 0.472] 78% 0.216 [-0.111, 0.532] 91% 

Periovulatory – Midluteal 0.221 [-0.039, 0.476] 95% 0.127 [-0.305, 0.555] 71% 0.283 [-0.037, 0.593] 96% 

Midluteal – Midfollicular 0.091 [-0.167, 0.356] 75% 0.169 [-0.22, 0.558] 80% NA NA  

Perimenstrual – Midfollicular 0.080 [-0.179, 0.329] 74% 0.162 [-0.172, 0.498] 83% NA NA  

Midluteal – Perimenstrual 0.012 [-0.225, 0.254] 54% 0.007 [-0.361, 0.379] 52% NA NA  

Menstrual Phase 

Perimenstrual 3.145 [2.857, 3.407]  3.100 [2.77, 3.419]  3.243 [2.914, 3.548]  

Midfollicular 3.065 [2.763, 3.362]  2.938 [2.597, 3.295]  3.298 [2.939, 3.614]  

Periovulatory 3.377 [3.092, 3.637]  3.234 [2.868, 3.593]  3.459 [3.149, 3.729]  

Midluteal 3.156 [2.873, 3.439]  3.107 [2.714, 3.492]  3.176 [2.865, 3.473]  

 717 

Discussion 718 

This study aimed to investigate whether objective interoceptive accuracy and self-719 

reported interoceptive attention vary across the menstrual cycle. Using an 720 

experience sampling approach and matched non-interoceptive control measures, we 721 

collected daily measures from twenty females across two consecutive menstrual 722 

cycles. As hypothesised, both interoceptive accuracy and attention varied across the 723 



   

 

menstrual cycle. Importantly, these patterns were unique to interoception, and for 724 

both interoceptive accuracy and attention the strongest evidence was observed 725 

when sampling from a complete menstrual cycle. Below we consider the implications 726 

of these novel findings. 727 

Overall, we found evidence that interoceptive accuracy was higher during the 728 

periovulatory phase than during the perimenstrual phase, but only when data were 729 

sampled from a complete menstrual cycle. This was broadly consistent across 730 

continuous and binary scores, despite the loss of power associated with binary 731 

scores [54], and remained after controlling for HR, HRV, and engagement metrics, 732 

despite both HR and engagement metrics showing cycle-related variation. While we 733 

did not predict differences across complete and merged cycles, and thus results 734 

require replication, the consistent pattern for both interoceptive accuracy and 735 

attention (as well as the TCT) suggests that the effect of cycle type is unlikely to be 736 

an artefact of the PAT. Instead, it is more likely that this pattern reflects known 737 

variability across menstrual cycles, whereby physiological markers show limited 738 

predictive value from one cycle to the next [53]. Notably, the TCT phase effect 739 

differed from that observed for PAT, with lower performance during the midfollicular 740 

relative to the midluteal phase, underscoring the specificity of the periovulatory 741 

advantage for interoceptive accuracy. This highlights the value of including control 742 

tasks which are often absent from the literature, not only for studies of between-743 

person differences, but also, critically, in studies examining within-person change 744 

(Donaghy et al., in prep; [18]). 745 

Although we did not measure hormones due to cost constraints, the difference 746 

between the periovulatory and perimenstrual phase provides some insights into the 747 

hormones that may be driving observed effects. Both oestradiol and progesterone 748 



   

 

are low during the perimenstrual phase and rise substantially across the follicular 749 

and luteal phases, though with different temporal profiles [55] (see Figure 2A). The 750 

periovulatory peak in cardiac interoceptive accuracy aligns with the surge in 751 

oestradiol that precedes ovulation, though it should be noted that ovulation is 752 

associated with a rise in several other hormones (e.g., progesterone and 753 

testosterone [31,47]) that may instead be driving observed effects. Given known sex 754 

differences in interoceptive accuracy (with males outperforming females on lab-755 

based tasks [4,5]), it is conceivable that changes in accuracy may be driven by 756 

changes testosterone, rather than oestradiol, though future research is needed to 757 

disentangle these possibilities. Nevertheless, given observed patterns, these data 758 

tentatively suggest that changes in accuracy are not likely due to changes in 759 

progesterone as if progesterone were driving effects, we would have expected to see 760 

elevation in the mid-luteal phase. 761 

Notably, these data also cannot determine whether cycle-related changes in 762 

interoceptive accuracy are driven by cardiovascular parameters or perceptual 763 

changes. This is because cardiac interoceptive accuracy measures do not enable 764 

separation of signal strength from perception [56]. Although we selected the PAT as it 765 

is the only valid measure that can be administered remotely, we cannot rule out that 766 

changes in cardiac parameters may be driving observed effects. Indeed, 767 

periovulatory increases in oestradiol are associated with changes in cardiac 768 

parameters such as blood pressure [58,59], which has also been linked with 769 

improved cardiac interoceptive accuracy [60]. Whilst lab-based assessments 770 

incorporating concurrent measurements (e.g., of blood pressure, cardiac output etc.) 771 

would be required to address this possibility, it is reassuring that our effects remained 772 

consistent after controlling for HR, which systematically varied across the menstrual 773 



   

 

cycle (as previously observed [21,22]), as well as HRV. As such, future research 774 

would benefit from replicating these findings using a lab-based design that enables 775 

the collection of multiple physiological parameters to determine whether perceptual 776 

or physiological changes underlie observed. Although our dense sampling approach 777 

would be unfeasible for a lab-based study, our findings highlighting the value of 778 

sampling from a complete menstrual cycle, and the absence of practice effects on 779 

the PAT, provides reassurance that this could be practically achieved using the same 780 

phasing approach, but with all participants beginning in the perimenstrual phase (i.e. 781 

at menstruation). Such studies would also benefit from assessing interoceptive 782 

accuracy across multiple domains given evidence of domain-specificity [62–64], 783 

including tasks that enable separation of stimulus strength from perception (e.g. 784 

[65]), and taking lab-based assessments of physiological measures (e.g., HRV) that 785 

did not covary strongly with the menstrual cycle in our sample (in contrast to 786 

previous literature [24]), potentially due to the use of phone-based 787 

photoplethysmography. Overall, whilst more work is required, these data provide 788 

important practical and theoretical insights to inform future work. 789 

Beyond accuracy, we found strong evidence for heightened interoceptive attention 790 

during the perimenstrual phase relative to all other phases, a pattern unique to 791 

interoceptive attention and strongest in the complete cycle data. As these changes 792 

were accounted for by the presence of physical symptoms (e.g. headaches, back 793 

pain), this suggests that phase-related shifts in interoceptive attention are likely 794 

driven by the presence of bodily signals capturing attention, rather than an increased 795 

tendency to focus on the body in the absence of physical changes. We also found 796 

preliminary evidence that attention to bodily signals may be evaluated more 797 

favourably during the periovulatory phase, which was again unique to interoception, 798 



   

 

though this did not vary across the complete and merged cycles. Although such 799 

findings must be treated as preliminary given the low incidence of reports of 800 

interoceptive vs exteroceptive attention (~20% vs ~80%, respectively), this pattern is 801 

intriguing given previous links between interoceptive attention and negative mood 802 

[43], as well as evidence of elevated mood during the periovulatory phase [66] (but 803 

see [67]). The extent to which such patterns are related, and the directionality of 804 

such effects, remains a future question. 805 

Taken together, these data have important theoretical implications for interoceptive 806 

measurement and theories of sex differences. For interoceptive measurement, 807 

consistent with prior work [17], we found large intra-individual variation in 808 

interoceptive accuracy and attention suggesting that single time point assessments 809 

may not adequately capture a person's interoceptive ability [18,34]. Systematic 810 

covariation with the menstrual cycle suggests these patterns are not due to 811 

measurement noise or poor measure reliability, which in turn has critical implications 812 

for how interoception is measured and conceptualised. More broadly, it is 813 

conceivable that treating interoception as a stable trait [16] and prioritising measures 814 

with high test-reliability (e.g., the Heartbeat Counting Task [68]), has contributed 815 

towards known replication issues [18,55,69]. Given debate regarding whether test-816 

retest reliability should be used to assess the suitability of interoceptive accuracy 817 

tasks [55,70], our data suggest that measures exhibiting very high test-retest 818 

reliability should be interpreted with caution. For example, although the HCT exhibits 819 

high test-retest reliability (r = .81 [71] depending on time period; one week r=.60 [72]; 820 

one day ICC=.88 [73]), there remains debate regarding whether the HCT captures 821 

perceptual accuracy or one's ability to estimate heartbeats or count seconds at a rate 822 

consistent with one's expected heart rate [69]. Our findings suggest that if a task 823 



   

 

primarily captures interoceptive processes (whether perceptual or physiologically 824 

driven), rather than stable factors such as beliefs about heart rate, greater within-825 

person variation would be expected. As argued previously [34], these data highlight a 826 

need for caution when interpreting between-person differences from single time-point 827 

assessments (or changes in interoception where single time-point assessments are 828 

used at baseline in pre-post designs). Indeed, they suggest that when relating 829 

individual differences in interoception to theoretically relevant outcomes, it may be 830 

more informative to consider the stability of interoceptive ability over time, situations, 831 

and domains. Whilst this argument relates to the value of adequately capturing 832 

between person differences using repeated assessments and measures that are 833 

sensitive to change, our data also highlight the potential value of exploring within-834 

person change, which may prove to better relate to theoretically relevant outcomes 835 

than between-person differences. 836 

Beyond measurement, these data also have important implications for theories of 837 

sex differences in interoception. Although sex differences were not examined here, 838 

by providing the first evidence of menstrual cycle-related change on interoception in 839 

females, these data provide support for the proposal that sex differences in 840 

interoception may arise from the increased amount of physical and hormonal change 841 

that females experience across the lifespan [14]. Whilst we focused on individuals 842 

with regular cycles to enable counterbalancing of starting phases, future work would 843 

benefit from extending this approach to individuals with irregular menstrual cycles, 844 

those taking hormonal contraceptives (who have suppressed endogenous sex 845 

steroids), and males. This would allow direct testing of the hypothesis that greater 846 

variability in the physiological environment contributes to variation in interoception 847 

and, in turn, to sex differences. 848 



   

 

Beyond phase effects, these data also provide insights into the structure of 849 

interoceptive abilities and the suitability measures for longitudinal testing. Consistent 850 

with previous work [42,74], interoceptive accuracy and attention were not associated, 851 

suggesting that these aspects of interoception dissociate when examining within-852 

person differences, as well as between-person differences, as previously observed 853 

[42,74]. Similarly consistent with prior literature, interoceptive and exteroceptive 854 

attention were associated, but differing patterns across the menstrual cycle suggest 855 

they also reflect distinct processes. As partially reported in Donaghy et al., [in prep], 856 

interoception measures did not exhibit practice effects, and the PAT was not 857 

associated with HR or HRV. Notably, however, both PAT and TCT performance were 858 

associated with engagement metrics. This contrasts with previous between-subjects 859 

work [34] and highlights the value of examining associations within individuals. 860 

Whilst both exteroceptive measures exhibited some influence of nuisance variables 861 

that may require further consideration if replicated, overall, these data offer support 862 

for previous theoretical proposals arguing for the separation of interoceptive 863 

accuracy and attention and underscore the suitability of the interoception measures 864 

for repeated sampling. 865 

Despite the theoretical and methodological importance of these data, limitations 866 

must be acknowledged. First, whilst the recommended four-phase approach [30] 867 

offers preliminary insights into the hormonal shifts that may underlie patterns, without 868 

hormonal assays, it is not possible to determine which hormonal shifts underlie 869 

observed effects. However, given the cost and participant burden associated with 870 

repeated hormonal assays, establishing whether interoception varies systematically 871 

across the menstrual cycle was an important first step before attempting to isolate 872 

specific hormones. Second, cycle phase allocation relied on counting methods and 873 



   

 

Apple Watch BBT recordings. Whilst this approach is broadly consistent with 874 

recommendations for estimating cycle phases and ovulation (given the reasonably 875 

consistent length of the luteal phase, particularly in those with regular cycles [30]), 876 

future research would benefit from more precise assessment of ovulation using urine 877 

luteinizing hormone kits. Third, whilst we decided to counterbalance participants to 878 

begin in specific cycle phases as practice effects for our interoception measures 879 

were not yet known, this counterbalancing approach required participants with highly 880 

regular cycles, limiting generalisability to the broader population. Fourth, although 881 

interoceptive accuracy effects were not explained by HR and HRV, as described 882 

above, due to our dense sampling approach we were unable to capture all 883 

physiological parameters that may underlie effects and lab-based studies are 884 

required to address this possibility. Finally, whilst we decided to match the TCT and 885 

PAT by triggering the flashing shape from the heartbeat, ensuring that the participant 886 

experience – e.g., interruptions due to finger movement; HR and HRV – was 887 

matched across tasks, we cannot rule out that some participants may have relied on 888 

interoceptive information during the TCT. Although unlikely given the difference in 889 

pass rates (TCT 77.7%; PAT 23%), future work should examine the best way to 890 

deploy matched control tasks (see Donaghy et al., in prep). Nevertheless, given that 891 

few studies of interoception employ control tasks [18], the inclusion of this measure 892 

was a strength. 893 

In summary, despite limitations, this study presents the densest sampling of 894 

interoception to date and the first to study interoception across the menstrual cycle. 895 

We found that interoceptive accuracy was enhanced during the periovulatory phase 896 

relative to the perimenstrual phase, while interoceptive attention was heightened 897 

during the perimenstrual phase relative to all other phases. These findings 898 



   

 

demonstrate substantial intra-individual variability in interoceptive processing and 899 

highlight the menstrual cycle as a meaningful source of state-level variation. 900 
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