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Background: Female chronic pelvic pain disorders (CPPDs) affect 1 in 7 women worldwide and are characterized by psychosocial 
comorbidities, including a reduced quality of life and 2–10-fold increased risk of depression and anxiety. Despite its prevalence and 
morbidity, CPPDs are often inadequately managed with few patients experiencing relief from any medical intervention. Characterizing 
mental health symptom trajectories and lifestyle predictors of mental health is a starting point for enhancing patient self-efficacy in 
managing symptoms. Here, we investigate the association between mental health, pain, and physical activity (PA) in females with 
CPPD and demonstrate a method for handling multi-modal mobile health (mHealth) data.
Methods: The study sample included 4270 person-level days and 799 person-level weeks of data from CPPD participants (N=76). 
Participants recorded PROMIS global mental health (GMH) and physical functioning and pain weekly for 14 weeks using a research 
mHealth app, and moderate-to-vigorous PA (MVPA) was passively collected via activity trackers.
Data Analysis: We used penalized functional regression (PFR) to regress weekly GMH-T (GMH-T) on MVPA and weekly pain 
outcomes while adjusting for baseline measures, time in study, and the random intercept of the individual. We converted 7-day MVPA 
data into a single smooth using spline basis functions to model the potential non-linear relationship.
Results: MVPA was a significant, curvilinear predictor of GMH-T (F=18.989, p<0.001), independent of pain measures and prior 
psychiatric diagnosis. Physical functioning was positively associated with GMH-T, while pain was negatively associated with GMH-T 
(B=2.24, B=−1.16, respectively; p<0.05).
Conclusion: These findings suggest that engaging in MVPA is beneficial to the mental health of females with CPPD. Additionally, 
this study demonstrates the potential of ambulatory mHealth-based data combined with functional models for delineating inter- 
individual and temporal variability.
Keywords: chronic pelvic pain, digital health, functional data modeling, global mental health

Introduction
Described as a “neglected reproductive health morbidity”, chronic pelvic pain (CPP) is a highly debilitating condition 
that affects between 5.7% and 26.6% of women worldwide.1–3 CPP, which encompasses complex female CPP disorders 
(CPPDs) such as endometriosis, adenomyosis, and fibroids, is characterized by non-cyclic pain in the pelvis or abdomen 
that lasts for at least 6 months and leads to functional disability or the necessity for medical intervention.3–5 Its severity is 
underscored by its associated physical, psychological, and emotional, and social consequences.4,5

Previous research indicates that CPPDs have a strong psychosocial impact on individuals. For example, individuals 
with CPPDs are more likely to experience reduced quality of life, emotional well-being, productivity, and sexual function 
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compared to the general population.3,6–8 Additionally, CPPD patients have a significantly higher risk of comorbid 
psychiatric disorders.4,9,10 For example, individuals with CPPDs have been reported to experience depressive disorders 
and anxiety disorders at a prevalence of 2 to 10 times that of the general population.4,11–13 Because chronic pain is linked 
to mental health problems, the investigation of modifiable predictors of mental well-being in individuals with CPPDs is 
a starting point for comprehensively managing CPPDs.14 Here, we focus on female-specific CPPDs, as being female is 
associated with a higher burden of anxiety and depressive disorders.15

Despite its prevalence and burden, female CPPDs are often inadequately managed, with less than half of patients 
experiencing pain relief from any medical treatment.9,16 Patient self-management, which aims to equip the individual 
with tools to actively manage pain and its effects on physical and emotional function, is a common chronic pain care 
model intervention, and it has been associated with significant improvement in symptoms.17–19 Some examples of patient 
self-management include relaxation techniques, symptom tracking to identify triggers, mindfulness, and behavioral 
factors (eg, sleep hygiene).20–22 Further, Center for Disease Control (CDC) guidelines state that non-opioid and non- 
pharmacologic therapies should be prioritized for chronic pain management.23,24 Non-pharmacological self-management 
strategies, especially those that target mental health outcomes of CPPD patients, are needed for effective personalized 
treatment of CPPD. Psychosocial interventions can be effective at improving mental health outcomes for those with 
chronic pain.25 However, psychosocial support that requires mental health professionals, such as cognitive behavioral 
therapy or biofeedback, may not be accessible to everyone. Here, we investigate how physical activity (PA) patterns of 
individuals with CPPDs may affect mental health outcomes and serve as an additional method to improve mental well- 
being in female CPPDs.

PA and exercise, defined as planned, structured, and repetitive PA with the goal of improving health or fitness, have 
been demonstrated to be effective pain self-management strategies for both reducing pain severity and improving 
psychological function in chronic pain patients.18,26 Experts recommend that chronic pain patients exercise on 
a regular schedule on the premise that avoiding activity during pain and increasing intensity later may lead to pain 
flares.4 Importantly, exercise is a modifiable behavior that can also improve pain self-efficacy, defined as the confidence 
in one’s ability to function effectively while in pain, which is associated with improved quality of life.27,28 Further, for 
chronic pain patients with comorbid psychiatric conditions, exercise may improve mood, depression, and anxiety 
symptoms.29,30 A previous study with individuals with endometriosis estimated a small but statistically significant 
favorable effect of exercise on pain severity.31 However, this study relied on self-reported exercise, which is limited in 
its ability to capture more granular PA parameters (eg, step counts, intensity level).31 Another meta-analysis reported that 
a combination of exercise and patient education was effective in reducing pain and disability in pregnant women with 
low back and/or pelvic pain.32 While most of the evidence connecting PA to psychosocial improvement has been from 
other chronic pain conditions, yoga has previously been demonstrated to be efficacious in improving pain and quality of 
life for patients with endometriosis.33,34 The impact of broader PA on mental health in patients with CPPDs specifically 
remains to be investigated, with a focus on using longitudinal data to capture potentially meaningful trends over time.

Accordingly, this study aims to characterize the patterns of association between longitudinal self-reported mental 
health symptoms and their predictors in female CPPDs, with a focus on modifiable lifestyle factors. Specifically, this 
overall aim includes the investigation of 1) between- and within-individual fluctuations in weekly self-reported mental 
health, and 2) possible modifiable and trait predictors of weekly mental health. We hypothesized that there would be 
significant variability in the mental health both between and within individuals and that PA would be a positive non-linear 
predictor of mental health.

Methods
Study Design and Procedures
The study design and procedures were approved by the IRB of the Icahn School of Medicine at Mount Sinai (ISMMS; IRB# 
STUDY-22-01002). CPPDs and their symptomatic patterns are notably heterogeneous in clinical presentation both between 
patients and within-individuals over time.35 Capturing these fluctuations under ecologically valid circumstances can help 
improve our understanding of the dynamic unfolding of these symptoms and their potential predictors. This is a secondary 
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analysis of the data from an ongoing larger study that aims to design, develop, and evaluate CPPD-specific mHealth measures 
from patient generated health data with high complexity and temporality using non-linear distributed lag and functional data 
modeling (NIH/NICHD: R01HD108263). It uses an observational study design to collect 90 days of data on patient self- 
tracked symptoms via a research mHealth app (ehive36) and passively collected activity data using activity trackers from 
participants. All participants used the ehive research study app to provide baseline and weekly data on overall health, 
symptoms, well-being, and health behaviors, as well as to receive prompts and reminders about the study.36 Participants 
were instructed to wear a Fitbit for the duration of the study.

Study Sample
The study sample included individuals who met the following eligibility criteria for the parent study: 1) female assigned 
at birth (individuals with female reproductive anatomy who menstruate), 2) between the ages of 18 and 64, 3) self- 
reported CPPD based on clinician diagnosis, 4) experience of CPP for at least 6 months, and 5) ability to read and write 
in English. Exclusion criteria include: 1) current pregnancy, a birth in the past 6 months, or planning pregnancy during 
the months of the study and 2) currently active major diseases or comorbidities (eg, active cancer, acute coronary 
syndrome within the past 3 months, heart failure, chronic kidney disease, etc.). Participants were recruited from all 
campuses of the Mount Sinai Health System (MSHS) and Columbia University Irving Medical Center (CUIMC) via 
Email advertisements and on the myChart by EPIC mobile app for MSHS patients. Participants in this study were 
recruited between April 2023 and July 2024. We included all participants who had PA and questionnaire data at the time 
of the analysis (July 2024).

Enrollment
Interested patients reached out to the study coordinator at Mount Sinai for screening and enrollment, after which they 
were onboarded and oriented to the study app and data collection protocols. All participants were mailed a Fitbit Inspire 
2 device and instructed to use for the duration of the study (90 days). Participants were remunerated $15 for every 
2 weeks of data collection and $20 for the final week (ie, up to $120 in total for completing 90 days of data collection). 
All participants provided informed consent prior to enrolling in the study.

Study Measures
Primary Outcomes
Self-reported mental health was assessed every week using the PROMIS Global Mental Health Questionnaire (GMH; 2a, 
v1.2).37 PROMIS global mental health scores have been previously validated as a metric for estimating self-reported mental 
health in chronic conditions.37 Further, GMH has been demonstrated to be significantly decreased in patients with CPP.38 The 
GMH includes 2 questions: 1) “In general, how would you rate your mental health, including your mood and your ability to 
think?” 2) “In general, how would you rate your satisfaction with your social activities and relationships?” Both questions have 
a 5-point multiple choice response scale (1-not at all, 5-very much) and the responses are added to compute the total score on the 
GMH (range 2–10). Higher scores represent better mental health.37 The two-item GMH survey provides a brief measure of 
mental health that has been demonstrated to be both reliable and have construct validity.37 Scores from the GMH survey have 
been positively associated with other self-reported outcomes including overall quality of life and physical functioning and 
negatively correlated with fatigue, anxiety, anger, depressive symptoms, and chronic conditions (eg, liver disease, kidney disease, 
hypertension, etc.).37 We converted raw GMH scores to population-standardized GMH scores (T-scores) according to the 
PROMIS Global Health scoring manual by standardizing the raw total score to a mean of 50 and a standard deviation (SD) of 
10.39 GMH T-scores (GMH-T) are further categorized as excellent (>55), very good (48–55), good (40–47), fair (29–39), and 
poor (<29).40

Predictors
Physical Activity 
Daily minutes of moderate-to-vigorous intensity PA (MVPA) and step counts were obtained from the wrist-worn Fitbit 
devices. MVPA has been previously associated with improved mental health outcomes in populations with chronic 
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pain.29 Tracking MVPA minutes is a common approach to studying the PA and its effects among individuals with chronic 
pain.41

Participants were instructed to wear their devices continuously for the study duration. The study app (ehive) allows 
the user to link their account with their Fitbit device,36 which enables regular daily data syncing on the backend of the 
app. Fitbit uses its proprietary algorithms for detection of step counts and activity intensities. We collected 6341 days of 
physical activity data for 78 participants. For wear time validation, we relied on the commonly used standard “10-hour 
minimum wear” rule, in which a valid day is defined as at least 10 hours of non-zero activity counts.42–44 Ten hours of 
wear has been shown to be sufficient to estimate total daily physical activity during non-sleep time.45 There were 4301 
valid days of Fitbit data for 76 participants. Days with unrealistically low activity counts (eg, <500 steps in a day; n=14) 
were removed in accordance with similar cutoffs that have been used in the past to define a valid day, although we used 
a more conservative cutoff.42,43 This resulted in 4287 days of physical activity data for 76 participants. If there were more 
than 7 days of Fitbit data in between survey responses (ie, if a participant waited more than 7 days before completing the 
next survey), we only considered the first 7 days of Fitbit activity data to avoid sparsity in the penalized functional 
regression (PFR) model (described below). Seventy-seven days of activity data measured more than 7 days after a survey 
response were removed for this reason. The final dataset had 4270 days of data for 76 participants.

Physical Functioning 
Weekly physical functioning scores were measured using the PROMIS physical function survey (4a, v1.0).46 Physical 
functioning is the self-reported capability of performing everyday physical activities. PROMIS physical function scores 
have been demonstrated to be inversely correlated with pelvic pain among patients with CPP.38 The score evaluates the 
functioning of upper extremities, lower extremities, central regions, and activities of daily living. The 4-item PROMIS survey 
assesses the extent to which individuals find difficulty with physical tasks (5-without any difficulty to 1-unable to do). Scores 
range from 4 to 20, with higher scores indicating better physical functioning. We used the physical functioning T-scores in the 
analyses, which are standardized to a mean of 50 and a SD of 10 based on a representative population distribution.46

Pain 
We measured weekly pain levels using the VAS pain intensity item from the short-form McGill Pain Questionnaire 
(MPQ-VAS).47 The MPQ-VAS asks participants to rate the intensity of their present pain intensity on a scale of 0 (no 
pain) to 100 (worst imaginable pain).48 This type of VAS-based pain assessment is commonly used as a standard practice 
in clinical settings to evaluate patient pain status and treatment outcomes.49,50 VAS has additionally been benchmarked 
and validated as a measure of pain intensity in chronic pain.48

Other Covariates 
Data on personal demographics and general health were collected via a baseline questionnaire on the ehive app. We 
collected age, marital status, ethnicity, and employment status from the demographic survey. In addition, we used prior 
psychiatric diagnosis (“Have you ever been diagnosed with a psychiatric diagnosis by a provider?”) as a covariate from 
the general health survey.

Data Analysis
Descriptive and Bivariate Analyses
First, we performed descriptive analyses and investigated bivariate associations between the weekly measured survey 
items. Given the repeated-measures design, we used both person-level means (ie, a participant’s mean score across the 
14 weeks) and overall sample means (ie, mean of means) when necessary to report the overall study average scores from 
the daily (ie, steps, MVPA) and weekly (ie, pain, physical functioning T-score, GMH-T) measures. To analyze the GMH- 
T, we converted the mean GMH-T for each participant to its corresponding GMH category (eg, fair, good, excellent, 
etc.), and computed the percent of participants in each category.40 To evaluate sample GMH-T and physical functioning 
T-scores against known population means, we used a one-sample T-test to compare the sample means to the population 
means. We then computed repeated-measures correlations between GMH-T, physical functioning, MPQ-VAS, and the 
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sum of MVPA over 7 days using the rmcorr R package, which evaluates the within-individual association of paired 
measurements taken two or more times longitudinally.51,52

Multivariable Regression Analysis of GMH Predictors
In the context of health behaviors such as PA, data from mobile health (mHealth) technologies (eg, smartphone apps, 
trackers) combined with longitudinal analytic techniques can help elucidate symptom associations with psychosocial 
outcomes in CPP.10,31 For example, there may be non-linear associations and cumulative effects in these longitudinal data 
that are not possible to capture via linear modeling approaches. Flexible techniques are particularly useful when working 
with mHealth data that typically differ in sampling frequencies, missingness patterns, modality, and temporal complexity.

Functional regression models, which are a part of the family of generalized additive models (GAMs), constitute one such 
approach.53 In a functional regression framework, the entire data curve is considered as the unit of analysis, instead of discrete 
data points in a set of longitudinal data. This is particularly useful for handling PA data from wearables, rather than aggregating 
multiple data points per individual,54 as they allow investigating the associations between scalar and functional variables with 
different time intervals. One example scenario is the consideration of continuous or daily PA data with weekly self-reported 
survey data, in a repeated-measures design. This results in a data structure where each weekly questionnaire corresponds to 7 
days of PA data leading up to the survey data. A functional regression model considers the PA data as a weekly data curve 
rather than aggregating the entire week into a summary score and thus preserves the temporal pattern within the data. This can 
reveal important information that may be lost otherwise, such as periods of inactivity or bursts of activity, which could be 
related to mental health.55

To investigate the potential predictors of GMH-T scores at the week level, we implemented PFR modeling using the 
R refund library.54 PFR models are flexible in numerous ways that are particularly useful for the data in this study. First, they 
allow for entire data curves to be units of analysis as opposed to individual data points. Next, they accommodate different 
sampling intervals in the outcomes vs predictors, ie, week-level outcome (eg, GMH-T) and week-level (eg, pain, physical 
functioning) and day-level (eg, MVPA) predictors. Instead of aggregating multiple day-level MVPA values for each week, this 
feature of PFR allows for the preservation of temporal variability in MVPA over a week. Third, it allows specification of 
random intercepts (ie, individual participants), which is useful for both accommodating a repeated measures design and for 
investigating potential between- vs within-individual variability in the outcome of interest (ie, GMH-T scores).

We regressed GMH-T on MVPA while considering MPQ-VAS, PROMIS physical functioning, age, marital status, 
employment status, and prior psychiatric diagnosis. We further adjusted for time in study using month-level cyclical 
encoding, in which each date is mapped into a cyclic coordinate system using sine-cosine waves and allows the 
models to infer the distance between dates based on their sine-cosine coordinates. We converted 7-day MVPA data 
into smooths with up to 7 knots using the tensor product basis function56 to model the potential non-linear relation-
ship between GMH-T and daily PA. We similarly included the time covariate as a functional smooth with up to 7 
knots.54 We scaled MPQ-VAS, PROMIS physical functioning, and age by mean-centering each variable and dividing 
by its standard deviation. We included participant and week in study as random effects. Finally, other categorical 
variables (ie, psychiatric diagnosis, employment status, and marital status) were included as person-level linear 
covariates.54 We used a generalized additive model as the fitter to estimate the model and restricted maximum 
likelihood as the smoothing parameter estimation method, which are the default recommended methods for the 
function.54

Results
Study Sample
Participants (n=76) provided 799 weeks of survey and 4270 days of activity data in total for analysis. Participants had 
a mean age of 35 years and were mostly employed (76%). Most participants identified as White (42%) or Hispanic or 
Latino (17%). In our sample, 28% had at least one prior diagnosis of a psychiatric condition, including anxiety and mood 
disorders (Table 1). The CPPD diagnoses included endometriosis (N=51), adenomyosis (N=1), uterine fibroids (N=2), 
interstitial cystitis (N=1), inflammatory bowel syndrome (3), and inflammatory pelvic dysfunction (N=1).
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Descriptive and Bivariate Analyses
The overall sample means of the scores from the daily and weekly measures are reported in Table 2. Thirty-nine percent 
of the participants, on average, reported scores that corresponded to “fair” mental health, with another 39% of the 
participants on average reporting “good” mental health (Table 2). The mean GMH-T was 42.166 (95% CI: 
40.363–43.969), which is 7.83 SDs below the population mean (ie, M=50, “very good”)37 and significantly different 
(t=−8.658, p < 0.001; Figure 1). The mean physical functioning T-score was 45.19 (95% CI: 43.52–46.853), which is 
0.48 SDs below the population mean (ie, M=50; Figure 1; t = −5.758, p < 0.001).

To characterize the PA patterns in the sample, we compared participants’ activity levels to the published recommendations 
and CDC/HHS PA guidelines for adults with respect to steps and MVPA.57–59 On average, participants accumulated 8313 
steps and 38 minutes of MVPA per day (Table 2). Forty-three percent of the sample engaged in fewer than 7500 daily steps, 
which is the lower threshold recommended for being considered “sufficiently active” (Figure 2A). 58,59 Similarly, 40.9% 
accumulated fewer than 150 minutes of weekly MVPA recommended by the PA Guidelines (Figure 2B).60

To inspect the bivariate associations between weekly measures, we computed repeated measures correlations between 
GMH-T and the other variables. GMH-T was positively correlated with weekly MVPA (p<0.05), and physical function 
T-score (p<0.01), while they were negatively correlated with MPQ-VAS (p<0.001; Figure 3). Weekly MVPA was additionally 
positively correlated with physical functioning T-score (p<0.05) but was not significantly correlated with MPQ-VAS.

Table 1 Study Sample Demographics

Variable N Mean or %

Age (years) 72 35

Employment status 75

Employed 57 76%

Other 7 9%

Unemployed 11 15%

Marital status 76

Divorced 6 8%

Married 35 46%

Single 35 46%

Psychiatric diagnosis 76

None 55 72%

At least 1 21 28%

Race

White 41 54%

Asian 8 11%

Black 18 24%

Unknown 11 14%

Ethnicity

Hispanic or Latino 19 25%

Not Hispanic or Latino 52 68%

Unknown 4 5%
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PFR Model
We fitted a PFR model to the data to investigate cumulative and non-linear effects of MVPA on the weekly GMH-T. The 
best fitting final model explained 72.6% of the deviance in GMH-T (adjusted R2=0.65). The smooth of MVPA and time 
on GMH-T indicated a significant non-linear relationship (Table S1; Table S2; F=18.99, edf=2.23, p<0.001). Predicted 
GMH-T increased with increasing daily MVPA minutes (Figure 4A). Over time, the largest positive effect of MVPA on 
predicted GMH-T as reported at the end of the week was a few days prior (~day 4). The positive effect of MVPA on 

Table 2 Average Weekly and Daily 
Measures Across the Study. The Average 
Was Taken of the Participant Means for 
Each Repeated Measure

Variable N Mean or %

Mean MVPA 76 38

Mean steps 76 8313

Mean MPQ-VAS 75 34

Mean phys. func. T-score 73 45

Mean GMH T-score 75 42

Mean GMH T Category 75

Poor 3 4%

Fair 29 39%

Good 29 39%

Very Good 8 11%

Excellent 6 8%

Figure 1 Sample mean PROMIS GMH-T and physical function T-scores as compared to the general population. A one sample T-test was used to compute p-values. PROMIS 
global mental health T-score (x =42.166, 95% CI: 40.363–43.969, M=50, t=−8.658, p < 0.001) and physical function T-score (x =45.19, 95% CI: 43.52–46.853, M=50, 
t = −5.758, p < 0.001) means were significantly different than the general population. *** signifies p<0.001.
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GMH-T reported at the end of the week diminished after day 4, suggesting the positive effects of MVPA lagged by 
a couple of days. Weekly MPQ-VAS was a significant negative predictor of GMH-T (B=−1.16, SE=0.50, t=−2.34, 
p<0.05), while physical functioning T-score was a significant positive predictor of GMH-T (Figure 4B and Table S3; 
B=2.24, SE=0.598, t=3.75, p<0.001). For demographic factors, age was negatively associated with GMH-T (B=−1.20, 
SE=0.46, t=−2.58, p<0.05), while being employed and married were positively associated with GMH-T (B=4.01, 
SE=1.09, t=3.67, p<0.001; B=3.60, SE=0.86, t=4.20, p<0.001). Prior psychiatric diagnosis was not a significant predictor 
of weekly GMH. The random effect of participant was significant (Figure 4C; edf=33.43, F=2.76, p<0.001). The random 
effect of week and the cyclically encoded sine and cosine functions of month were not significant.

Figure 2 Mean participant (A) daily step count and (B) mean weekly MVPA minutes compared to nationally recommended activity levels. The y-axis represents the number 
of participants. Dashed lines represent the recommended levels (7500 steps, 150 MVPA minutes). The values represent the number of individuals who fell above and below 
these nationally recommended values.
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Discussion
In this study, we leverage ambulatory mHealth-tracked mental health, pain, and PA data to characterize longitudinal self- 
reported mental health patterns of individuals with CPPDs. Our results indicate a positive, non-linear relationship 
between MVPA and mental health, independent of prior psychiatric diagnosis or other pain-related factors, with 
considerable variability both between and within participants over time. To our knowledge, this study provides the 
first evidence of the positive effect of PA on mental health in females with CPPDs using repeated measures data collected 
in real time. We further report lower scores of mental health and physical functioning compared to the general 
population, as well as lower PA levels than those recommended by the PA guidelines.

Our study sample had a 28% incidence of prior psychiatric conditions and lower average GMH scores compared to 
the reference population norms from PROMIS.39 Chronic pain, and specifically CPP, has been established as a strong 
predisposing factor for psychiatric conditions. The association of chronic pain and mental health is due to both the 
psychosocial impact of chronic pain and the common neurobiological vulnerabilities and genetic factors between chronic 
pain and mood.4,9,13,61 CPPD patients with comorbid psychiatric conditions are more likely to incur higher health care 
costs, experience lower quality of life, endure increased disability, and are more likely to be prescribed opioids.4 

Additionally, our findings add to the literature documenting the worsened mental health of CPPD patients as a whole 
compared to the general population.4,13,37 In the 2019 National Health Interview Survey, those with chronic pain had 
a 23.9% prevalence of co-occurring anxiety and/or depression symptoms, whereas the population without chronic pain 
had a prevalence of 4.9%.13 Given the high incidence of psychiatric co-morbidities and the generally low mental health 
among CPPD patients, it is important to treat mental health as part of comprehensive chronic pain management and 
continue to determine ways to aid patients to manage their symptoms. As such, here, we investigated how lifestyle 
factors may modify the association of CPPDs with poorer mental health outcomes.

Figure 3 Repeated measures correlations for weekly measures. 
Notes: *signifies p<0.05; **signifies p<0.01; ***signifies p<0.001. 
Abbreviations: MVPA, moderate-to-vigorous physical activity; Phys. Func. T, physical functioning T-score; MPQ-VAS, McGill Pain Questionnaire-VAS; GMH-T, Global 
Mental Health T.
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Our findings suggest that many females with CPPDs do not reach nationally recommended PA levels, and moreover, 
that engaging in MVPA is beneficial for the mental health of CPPD patients. The PA levels of this sample are consistent 
with previous studies suggesting that individuals with CPPDs have lower PA levels,62 though data on CPPDs are scarce. 
One longitudinal study using accelerometers indicated that MVPA negatively mediated the relationship between chronic 
pain and risk of mental disorders, although this study did not focus on CPP.29 Increased MVPA in individuals with 
chronic pain was associated with decreased anxiety and depression symptoms, whereas light intensity PA did not have 
this effect.13 Additionally, strategies combining exercise and other interventions have been demonstrated to be promising. 
For example, a combined intervention of exercise and telephone-delivered cognitive behavioral therapy (CBT) had 

Figure 4 Results from the PFR model. (A) The smooth effect of MVPA on GMH-T over time. The MVPA axis is scaled. The y-axis represents predicted GMH-T and is scaled 
according to predicted sample GMH-T mean. (B) Coefficients and confidence intervals for scalar predictors of the model. (C) Random effect of participant, with each dot 
representing predicted mean GMH-T for that participant. Blue lines indicate statistically significant positive estimates and red lines indicate significant negative estimates. 
Gray indicates statistically non-significant estimates.
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positive effects in patients with chronic widespread pain.63 While previous studies have established the connection 
between MVPA and mental health in chronic pain, this is the first study to establish the relationship between PA and 
mental health in the context of CPPDs by using passively obtained data from activity trackers.31

Our findings further indicate that increased pain is associated with worsened GMH, while increased physical 
functioning was associated with improved GMH. Though pain and depression or anxiety have been noted to have 
a bidirectional relationship, there is more evidence that pain is a risk factor for mental health problems than the inverse.4 

Additionally, a longitudinal study focused on musculoskeletal conditions reported that improvements in physical 
functioning were associated with improved anxiety symptoms, although it was not associated with improved depression 
symptoms.64 The relationship between physical functioning and mental health in CPPDs has not been well defined to this 
point; however, one previous longitudinal study on endometriosis reported that functional pain disability did not predict 
later emotional distress.65

With respect to demographic factors as potential predictors, increased age was associated with worsened GMH, while 
prior psychiatric diagnosis was not a significant predictor. Age may be a proxy for years of experience with the chronic 
pain condition or severity of the condition. In this study, we did not have a survey item assessing time of initial diagnosis, 
although this may be possible in the future by linking mobile health studies with electronic health records (EHRs). Over 
time, chronic pain may become more difficult to treat due to structural and functional neuroplastic changes that 
eventually become irreversible and insensitive to treatment.61 From a psychosocial standpoint, the economic conse-
quences of health care costs and loss of productivity may accumulate over time.61 It will be important to assess how 
length of time of living with chronic pain impacts mental health in the future. Our findings indicated that prior psychiatric 
condition, including mood and anxiety disorders, was not a significant predictor of GMH. This suggests that those who 
are at higher risk for poor mental health outcomes with a comorbid psychiatric disorder can also benefit from these 
favorable effects of PA. However, none of the participants had a debilitating psychiatric condition at the time of study 
participation, as per study exclusion criteria. Nevertheless, we do not have data on whether or not participants were 
actively receiving mental health care for their condition, so we can not rule out it as a potential protective factor.

We observed substantial between- and within-individual variability in mental health scores in the sample, underscoring the 
importance of personalized approaches to care. Predicted average GMH-T varied greatly between individuals as shown by the 
random intercepts. CPPDs are notoriously heterogeneous in pain symptomatology, and it follows that mental health would 
exhibit similar variability among and within participants.10 As such, it is important to use individualized approaches, such as 
that which may be achieved with mHealth, to comprehensively understand the complexity of CPP. Due to their heterogeneous 
clinical presentation and differing etiologies, CPPDs are often non-responsive to treatment, and a personalized approach is 
necessary for the successful management of CPPD. To better understand how to manage the mental health of CPPD patients, 
we should continue to study modifiable lifestyle factors, as was done here with PA, that may alter the poor mental health 
outcomes associated with CPP. This study demonstrates the potential of using ambulatory mHealth-based data combined with 
functional data methods to delineate inter-individual and temporal variability in symptoms of chronic conditions.

There are numerous strengths of this work. First, we focus on a patient population that has been under-studied (ie, 
CPPDs) and currently still not well understood as a cluster of disorders with overlapping symptomatology. While 
endometriosis, the most common underlying primary diagnosis for a CPPD, has been receiving more attention recently, 
our sample also included those less-studied CPPDs (eg, adenomyosis, fibroids, inflammatory pelvic disease). Next, the 
implementation of functional data methods and generalized additive modeling using smooths provide robust and flexible 
approaches for handling the complex patient-generated health data from mHealth technologies. The PFR models in this 
context facilitate the evaluation of complex relationships between outcomes and their predictors in instances where the 
data sampling frequency differs between the outcomes and predictors, or between different predictors. This work 
demonstrates a method for analyzing longitudinal, continuous wearable data combined with actively tracked survey 
data at different intervals. As such, it may be used as a framework for future mHealth interventions focused on patient 
self-management to elucidate the effects of PA on other factors. As mHealth use is becoming more ubiquitous for 
conducting research, expanding upon the available methods will enable fully harnessing the information from these data. 
Third, our analyses were based on frequently sampled prospective data of up to 14 weeks from the study participants. 
This is a strength of the data design as most studies to date are limited to convenience samples of retrospective data with 
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much less frequency of data points. The study design could enable personalized intervention strategies in the future if 
methods are used to predict mental health outcomes in individual participants. Finally, it is the first study to date that has 
demonstrated a positive effect of MVPA on global mental health in female CPPDs, suggesting it may be recommended as 
an additional self-management strategy for mental health in those with CPPDs.

Nevertheless, we acknowledge the limitations of this study. Although we had 799 person-level weeks for analysis, 76 
participants are a relatively modest sample size in comparison to large, nationally representative cohort studies. Similarly, 
the sample was somewhat homogeneous with respect to demographic factors including employment status and education 
levels. Specifically, our cohort was mostly employed (76%), whereas individuals with CPPDs have significantly lower 
employment rates compared to the general population.6 Third, in this study, a consumer-grade device, Fitbit, was chosen 
as a tool to measure PA in patients with CPPDs. Some studies have demonstrated that Fitbit devices under- or over- 
estimate PA compared to medical-grade devices (ie, Actigraph), while others indicated that Fitbits have fair to good 
agreement with these devices.41–43,66 While not the gold standard for activity tracking, Fitbit offers advantages especially 
for conducting longitudinal studies, including ease of wear and charging for participants, which aid participant adherence, 
user interface, and relative ease of syncing with other mobile Apps and devices for data extraction.67,68 These factors 
support the broader aim of facilitating patient self-management with devices that are both accessible and familiar to many 
individuals. Despite our careful inspection of the missing data and implementing cautious filtering criteria to prevent 
potentially erroneous inference from the data, Fitbit’s proprietary algorithms do not always enable as informed decisions 
regarding the missing data as do some other devices, such as research grade trackers that allow access to the raw 
acceleration data. To circumvent these issues, we conducted a series of sensitivity analyses to assess the pattern of 
missingness in the data, as well as the possible influence of missingness on the model results. Results (not reported 
herein) indicated no significant bias, suggesting a missing-at-random (MAR) pattern or change in model point estimates. 
Finally, most of the participants had endometriosis as their primary CPPD, therefore we are not able to delineate 
differences in mental health trajectories among different disorders within CPPD. Similarly, our dataset included those 
with a diagnosis of CPPD, and as such we did not have data from those who are undiagnosed yet symptomatic. This 
might have limited the extent of the outcomes observed in the findings. Future studies can benefit from investigating this 
question to compare the associations and to obtain a broader picture of experiences from individuals with chronic pelvic 
pain. To this end, inclusion of those who are symptomatic but have not received a formal diagnosis can enhance the 
understanding of the association between PA behavior and mental health outcomes.

Conclusions
mHealth-enabled direct patient input and passive tracking via wearables enables the capturing of real-world data to improve 
our understanding of inter-individual and temporal variability in mental health symptoms and factors that may improve 
mental health. By leveraging patient-tracked mental health and pain outcomes combined with passively obtained activity data 
from CPPD patients, we demonstrate a positive, non-linear relationship between PA and mental health in female CPPDs. 
From a methodological perspective, our work demonstrates an approach for handling complex longitudinal mHealth and 
activity data and may be used as a framework for future mHealth interventions for chronic pain centered on patient self- 
management. Additionally, from a clinical lens, the positive relationship between PA and mental health suggests that MVPA 
may be suggested as a feasible and accessible way to positively modulate mental health in individuals with CPPDs.
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