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ABSTRACT

This dissertation presents physical activity, sedentary behavior, and bedrest (sleep estimation) data from ActiGraph devices worn during pregnancy and postpartum. Analyses of these data consider how these behaviors may relate to each other and health outcomes in the mother and child. The research aims to bridge the gap in understanding the intricate relationship between physical activity health behaviors and maternal and infant health metrics during the critical phases of pregnancy and postpartum.  For this work, we employed repeated measures mixed modelling and integrated device-based, research-grade, ActiGraph data with clinical measures and survey responses to elucidate the multifaceted dynamics influencing a maternal biomarker, late-gestation nocturnal glucose; maternal behavior; postpartum bedrest; and infant growth and adiposity. The research design involved the deployment of ActiGraph devices to monitor activity levels, sedentary behaviors, and estimate bedrest duration and quality in pregnant and postpartum individuals over multiple days. Complementing this device-based measurement, participants provided survey responses detailing lifestyle factors, psychosocial variables, and demographic information. Additionally, clinical data including obstetric history, medical conditions, and pregnancy complications were gathered from healthcare records. By incorporating day-level and individual-level effects, the study elucidated how these factors influence gestational nocturnal glucose, maternal postpartum bedrest, and infant adiposity. Findings from this dissertation contributed valuable insights to the field of maternal and child health epidemiology by advancing our understanding of the complex associations of health behaviors with nocturnal glucose, sleep, and infant adiposity using serial measurements (i.e., multiple 24-hour periods) during pregnancy and the postpartum period. The integration of device-based activity data with repeated biomarker measures and subjective survey responses in future work offers a comprehensive approach to studying maternal and infant health, facilitating the development of targeted interventions and personalized healthcare strategies to optimize outcomes for both mothers and infants.
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[bookmark: _Toc289175819][bookmark: _Toc428279005][bookmark: _Toc172626511]INTRODUCTION 
[bookmark: _Toc172626512]Benefits of Physical Activity in Pregnancy and Postpartum 
Physical activity (PA) during pregnancy and the postpartum period is recognized as a cornerstone of maternal health, offering a multitude of benefits for both mothers and their offspring (1). The American College of Obstetricians and Gynecologists and the U.S. Department of Health and Human Services  recommend that pregnant and postpartum individuals engage in at least 150 minutes of moderate intensity aerobic PA per week (2, 3). This dissertation delves into the multifaceted advantages of PA during these critical phases, exploring its impact on maternal well-being and the long-term health outcomes of the offspring. Through the integration of device-based assessments, particularly utilizing ActiGraph devices, this research aims to provide a comprehensive understanding of the intricate interplay between maternal activity levels, glycemic variation, postpartum sleep patterns, and infant anthropometrics.
[bookmark: _Toc172626513]Maternal Benefits of Physical Activity 
Physical activity during pregnancy and the postpartum has been associated with a myriad of benefits for maternal health (4). From improved cardiovascular function (5, 6) to reduced risk of gestational diabetes (7, 8) and excessive weight gain (9, 10), engaging in regular PA has been shown to enhance overall well-being and mitigate various pregnancy-related complications. Moreover, postpartum PA has been linked to faster recovery (1, 11, 12), improved mood (13), and better weight management (2, 12, 14), facilitating the transition to motherhood.
The advantages of PA extend beyond the immediate pregnancy and postpartum periods, positively impacting maternal health in the long term. Regular exercise has been associated with reduced risk of chronic conditions such as cardiovascular disease (5), type 2 diabetes (15-17), and obesity in mothers (18), highlighting the importance of adopting an active lifestyle beyond the perinatal period.
[bookmark: _Toc172626514]Benefits of Maternal Physical Activity for Offspring
Emerging evidence suggests that maternal PA not only benefits the mother but also has far-reaching effects on the health of the offspring. Maternal exercise during pregnancy has been linked to improved neonatal adiposity and birthweight (6, 19, 20), reduced risk of preterm birth (2, 21), and enhanced neurodevelopmental outcomes in children (22, 23), underscoring the importance of promoting PA as a component of prenatal care.
[bookmark: _Toc172626515]Sedentary Behavior and Associated Outcomes
Sedentary behavior (SB) is defined as low-intensity behavior, while awake, that occurs in the seated or reclined position (24). Outside of pregnancy, higher levels of SB have been associated with cardiovascular disease and all-cause mortality, regardless of intensity of daily PA (25, 26). There is also some evidence of increased risk of adverse pregnancy outcomes among pregnant individuals with higher levels of SB (27). 
[bookmark: _Toc172626516]Device-Based Assessments of Activity and Sedentary Behavior
The overwhelming majority of epidemiological research, including the Physical Activity Guidelines for Americans (3), is based on survey data. Thus, these PA assessment tools are prone to recall and reporting bias (28). Technological advances in wearable devices have led to an alternate means of detecting PA and SB. To accurately quantify PA and sedentary behavior (SB) in pregnant and postpartum individuals, device-based assessments offer a reliable and relatively objective approach (29, 30). Technologies such as ActiGraph devices  provide valuable insights into activity levels, allowing for precise monitoring and analysis of movement patterns throughout the perinatal period (30). 
[bookmark: _Toc172626517][bookmark: _Toc289175823][bookmark: _Toc428279009]Device-Based Assessments of Glycemia in Pregnancy
In addition to activity monitoring, device-based assessments can also offer insights into glycemic levels during pregnancy (31, 32). Over the course of this dissertation, continuous glucose monitors (CGMs) have transitioned from an innovative technology to a validated and relatively accessible clinical assessment tool. Although there are still no universal clinical standards for assessing interstitial glucose in pregnancy, utilizing CGMs enables real-time tracking of interstitial glucose levels, providing invaluable data for understanding the impact of maternal behaviors on pregnancy glycemia and outcomes. In December 2022, the Dexcom G7 was approved by the FDA for use in pregnant (and non-pregnant above the age of 2 years) populations with any type of diabetic condition, and thus, findings from the use of Dexcom devices in pregnancy research can be translatable to the clinical setting. 
[bookmark: _Toc172626518]Device-Based Estimation of Bedrest and Sleep
Sleep plays a crucial role in maternal health and fetal development during pregnancy and recovery postpartum (33, 34). By employing technology, such as ActiGraph devices, capable of precisely estimating measures of sleep and/or bedrest (35), researchers can elucidate the relationship between maternal sleep patterns, PA, and perinatal health outcomes. Parameters such as sleep duration, efficiency (i.e., the amount of time asleep/the total duration of the sleep period) and latency ( i.e., the amount of time it takes to fall asleep after going to bed for the night), have been shown to be associated with health overall (35).
[bookmark: _Toc172626519]Manuscripts Presented in this Document
This dissertation comprises a series of manuscripts that collectively examines maternal PA and SB, glycemic control, and bedrest as a proxy for sleep during pregnancy and the postpartum period. It additionally begins to explore the link between maternal PA and infant anthropometric outcomes. Each manuscript delves into specific aspects of these domains, utilizing device-based assessments and repeated measures data to uncover associations.
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Physical activity and nocturnal glucose in pregnant individuals with gestational diabetes mellitus or gestational glucose intolerance




[bookmark: _Toc289175826][bookmark: _Toc428279012][bookmark: _Toc172626521]    Abstract	
	
PURPOSE: This study explored the associations of daily minutes (min) of moderate to vigorous intensity physical activity (MVPA), light physical activity (LPA), total physical activity (MVPA + LPA), and sedentary behavior (SB) with nocturnal (12AM- 6AM) interstitial glucose levels in individuals with gestational diabetes or gestational glucose intolerance. METHODS: Pregnant participants from a pilot randomized controlled feasibility trial of a behavioral walking/stepping intervention concurrently wore continuous glucose and physical activity monitors for 7 days at baseline (~31 weeks gestation) and follow-up (~36 weeks gestation). The TwoRegressions algorithm estimated min-by-min metabolic equivalents of task (METs) for periods in which the devices were worn. Mins per day at ≥ 3.0 METs, 1.6-2.9 METs, and ≤ 1.5 METs indicative of MVPA, LPA, and SB, respectively, were summed. A mixed effects model estimated the associations of 10-minute units of MVPA, LPA, total PA (i.e., LPA + MVPA), and SB with nocturnal mean glucose, percent time in range (TIR; 60-99 mg/dL), and area under curve (AUC). Covariates included gestational age and valid wear minutes for baseline models, and valid wear minutes and group randomization for the follow-up models. RESULTS: Thirteen participants at baseline contributed a total of 91 days of data. After adjusting for wear time and gestational age, the relationship of MVPA with mean glucose and AUC were not statistically significant (B = 0.86 mg/dL, P = 0.064 and B = 298 mg/dL*min, P= 0.076), but there was a statistically significant inverse relationship between MVPA and TIR (B = -3.37%, P = 0.012). There were no statistically significant associations for total PA and SB with a nocturnal glucose measure. When examined at follow-up, MVPA, LPA, total PA, and SB were not associated with any nocturnal glucose measure. CONCLUSION: This exploratory analysis using pilot data was the first of its kind to investigate the relationship between PA/SB and nocturnal glucose in late pregnancy among people with GDM and GGI. Findings demonstrated a positive association between MVPA and higher nocturnal glucose in late pregnancy among people with GDM and GGI, not accounting for daily dietary intake. Future studies should include measures of daily diet, an important driver of glucose that may vary by level of daily PA/SB in pregnancy.
[bookmark: _Toc172626522]Introduction
Gestational diabetes mellitus (GDM) is defined as pregnancy hyperglycemia first recognized after 24 weeks gestation (36). Gestational glucose intolerance (GGI) is considered a milder form of GDM. Both conditions are associated with increased susceptibility to fetal overgrowth, large size at birth, and injuries related to delivering a large size neonate (36-49). 
Evidence suggests that elevated nocturnal glucose levels (i.e., between 12AM - 6AM) are associated with greater risk of large size at birth (50) and need for pharmacological treatment to control GDM (31). Modifiable factors, such as maternal physical activity (PA), may be also associated with nocturnal glucose in individuals with pregnancy hyperglycemia. The American College of Obstetricians and Gynecologists recommends physical activity (PA) for pregnancies complicated by GDM (2). PA has been shown to reduce maternal postprandial glucose (51, 52), fasting glucose (51), and HbA1c values (2, 53).  To the best of our knowledge, no study has examined the relationship between device-assessed, daily measures of PA and sedentary time with device-assessed nocturnal glucose in the context of pregnancy hyperglycemia. The aim of this study is to explore the association between daily minutes (min) of activity metrics [i.e., moderate-to-vigorous PA (MVPA), light PA (LPA), total activity (MVPA + LPA), as well as sedentary behavior (SB)] with subsequent nocturnal (12AM - 6AM) glucose measures in individuals with pregnancy hyperglycemia. 
[bookmark: _Toc172626523]Methods
[bookmark: _Toc172626524]Data
The present study is a secondary analysis of data collected from a subsample of participants enrolled in a randomized controlled feasibility trial of a behavioral PA intervention for GGI or GDM (ClinicalTrials.gov Identifier NCT04209348) (54). Those with GGI had a 1-hr plasma glucose ≥130 mg/dL on the 50-g glucose challenge test (GCT), measured at 24+ weeks gestation [i.e., followed by an oral glucose tolerance test (OGTT) that did not meet GDM criteria] (55). GDM could be diagnosed by either the one-step procedure (a 75-g OGTT with plasma glucose : ≥ 92 mg/dL for fasting, ≥180 mg/dL 1-hr post-glucose load, or ≥153 mg/dL 2-hr post-glucose load) or the two-step strategy (a plasma glucose ≥130 mg/dL on a GCT followed by a 100-g, 3-hr OGTT with two or more plasma glucose measurements: ≥95 mg/dL for fasting, ≥180 mg/dL 1-hr post-glucose load, ≥155 mg/dL 2-hr post-glucose load, ≥140 mg/dL 3-hr post-glucose load). Twenty patients were enrolled from the University of Tennessee Medical Center Knoxville (UTMCK) between December 2019 and July 2021; twelve were classified as GGI and eight were classified as GDM. Because of COVID-19 protections, participants opted in to the continuous glucose monitor (CGM) assessment. The subset of participants who opted in wore a Dexcom G6 CGM (Dexcom, Inc, San Diego, CA), linked to a masked receiver, on the posterior upper arm for seven days. Participants concurrently wore an activity monitoring device, the ActiGraph CentrePoint Insight Watch (hereafter, Insight Watch), on the dominant wrist. Some, but not all participants who wore the devices had data for both baseline and follow-up visits; thirteen participants (4 GDM, 11 GGI) had concurrent Insight Watch and CGM data at the baseline study visit, 26-33 weeks gestation, and 11 participants (4 GDM, 7 GGI) had concurrent device data five weeks later at follow-up, 34-37 weeks. We assessed the association between activity metrics and sedentary behavior with nocturnal glucose at both baseline and follow-up periods, with models adjusted for group randomization at the follow-up period. 
[bookmark: _Toc172626525]Assessment of Physical Activity and Sedentary Behavior
Insight Watch data was imported into ActiLife software and converted into 1-second epoch and raw CSV files for each participant. Epoch files were run through the Choi et al. wear time algorithm (56) for wrist worn activity monitors in RStudio version 2022.02.03+492 statistical software. Raw files were run through the dominant wrist-specific TwoRegressions algorithm (57), which estimated min by min metabolic equivalents of task (METs) for periods in which the devices were worn. Subsequent output RDA files (for each participant epoch and raw file) were merged, and summary results were generated, which included valid wear mins, and mins per day at ≥ 3.0 METs indicative of MVPA, 1.6-2.9 METs indicative of LPA, and ≤ 1.5 METs indicative of SB. To note, the algorithms for wrist-worn devices only classify SB based on MET value, although typically SB is also classified based on posture (57). Total PA was the sum of daily MVPA and LPA mins. Days with less than 600 minutes of valid device (i.e., Insight Watch) wear time were then excluded from the analysis.
[bookmark: _Toc172626526]Assessment of Nocturnal Glucose
[bookmark: _Hlk98330833]Glucose was measured using the Dexcom G6 Pro CGM system, which includes a small, wearable sensor and transmitter that records interstitial glucose values every 5 minutes. Participants and their providers were masked to the CGM data (i.e., blind mode) to prevent values from influencing regular behavior. Data from the nocturnal period, defined as 12AM - 6AM (54), were isolated and the mean nocturnal glucose, the percent of time in range (%TIR; 60-99 mg/dL (58)), and area under the curve (AUC) calculated. AUC was calculated in RStudio, using 12AM glucose as the starting point and the trapezoid method (59). All other glucose calculations were performed in SAS Enterprise Guide 8.1 (60).
[bookmark: _Toc172626527]Covariates
Gestational age (GA) information was obtained from the electronic medical records (EMR) at UTMCK. GA in days was calculated for each day a participant wore the devices. Maternal age and pre-pregnancy BMI were also abstracted from the EMR at the time of eligibility screening. Data on race and ethnicity, education level, marital status, employment, and number of prior pregnancies were collected via survey administered at baseline. 
[bookmark: _Toc172626528]Statistical Analysis
Means and standard deviations were calculated for continuous variables, and frequencies and percentages for categorical variables (57). Mixed effects regression models were created using PROC MIXED in SAS Enterprise Guide 8.1 (60) with an autoregressive covariance structure, to estimate the association of 10 min blocks of MVPA, LPA, and total activity with nocturnal mean glucose, TIR, and AUC. Variables in the adjusted models were selected a priori based on previous literature, and further model fitting was performed by eliminating non-significant variables (61), and comparison of AIC, AICC, and BIC scores between models. Initial variables selected a priori included pre-pregnancy BMI, GA, GDM vs GGI, maternal age, number of valid device wear minutes (i.e., day specific), and group randomization (for follow-up data only). There was a statistically significant increase in mean nocturnal glucose and AUC by day in participants (P < 0.05), and minutes of valid device wear time also varied between days and participants at baseline (P < 0.05). Thus, the final model at baseline was adjusted for GA in days and device wear minutes. Models for the follow-up visit were adjusted for device wear minutes, and additionally adjusted for group randomization, but not GA in days (there was no difference in nocturnal glucose measures by day in the follow-up data). Pre-pregnancy BMI, GDM vs GGI, and maternal age were not included in the models due to limited degrees of freedom and little impact on the results in statistical models.

[bookmark: _Toc172626529]Results
[bookmark: _Toc172626530]Participant Characteristics
A total of 90 and 75 days with at least 600 valid device minutes were included at baseline (26-33 weeks gestation) and follow-up (34-37 weeks gestation), respectively. Descriptive characteristics of the participants (N = 13) are presented in Table 1. Most participants identified as White/non-Hispanic (77%), completed a postgraduate degree (61.5%), and were employed full time (61.5%); all were married or in a civil union. Participants engaged in an average of 68 minutes of MVPA (SD = 45) at baseline and 58 minutes (SD 36) at follow-up. Conversely, SB increased from baseline to follow-up [459 (SD = 123) mins vs 480 (SD = 117) mins]. Mean nocturnal glucose was 89 (SD = 13) mg/dL at baseline and increased to 93 (SD = 15) mg/dL at follow-up. Nocturnal TIR decreased from 73% (SD = 29%) to 59% (SD = 33%) from baseline to follow-up. Out-of-range values were rarely below-range (i.e., < 1% of values), and primarily reflect values that fall above range (i.e., above 99 mg/dL).
[bookmark: _Toc172626531]Mixed Effects Models at Baseline
Table 1.2. presents the unadjusted and adjusted results of the mixed effects models of the association of PA and SB with nocturnal glucose measures at baseline. At baseline, MVPA was found to be positively associated with mean glucose and AUC (P < 0.05) in the unadjusted model. For every additional 10-minutes of daily MVPA there was a ~1.1 mg/dL greater mean nocturnal glucose and a 317.1mg/dL*min greater nocturnal AUC. For every additional 10-minutes of total PA, there was a ~0.28 mg/dL greater in mean nocturnal glucose (P = 0.016). 
After adjusting for device wear time and GA in days, only the inverse association between MVPA and TIR remained statistically significant (B = -3.374%, P = 0.012). 
At baseline, adjusted analyses revealed no associations between LPA, total PA, and SB with nocturnal glucose. 
[bookmark: _Toc172626532]Mixed Effects Models at Follow-Up
Table 1.3. presents the unadjusted and adjusted results of the mixed effects models of the association of PA and SB with nocturnal glucose measures at follow-up. Analyses at follow-up revealed no associations between the activity variables and nocturnal glucose.
[bookmark: _Hlk162196793][bookmark: _Toc172626533]Discussion
Our findings demonstrate a positive association between minutes of MVPA and mean nocturnal glucose and AUC, and a negative association between minutes of MVPA and TIR at baseline, but no statistically significant associations at follow-up. Specifically, we 
[bookmark: _Toc171687898][bookmark: _Toc171697374][bookmark: _Toc171697939][bookmark: _Toc172550930]Table 1.1. Characteristics of Participants (N=13).
	
	Mean (Standard Deviation)

	Gestational Age in Weeks at Baseline
	30.8 (1.4)

	Pre-pregnancy Body Mass Index
	25.2 (4.8)

	Age in Years at Baseline
	34.0 (3.3)

	Minutes of MVPA at Baseline
	67.8 (44.9)

	Minutes of LPA at Baseline
	327.1 (99.2)

	Minutes of SB at Baseline
	459.4 (123.3)

	Minutes of MVPA at Follow-Up
	58.1 (35.9)

	Minutes of LPA at Follow-Up
	318.0 (89.1)

	Minutes of SB at Follow-Up
	479.9 (117.3)

	Mean Nocturnal Glucose at Baseline (mg/dL)
	88.7 (13.4)

	Percent Nocturnal Time in Glucose Range at Baseline (%)
	73.4 (28.6)

	Nocturnal AUC at Baseline (mg/dL *min)
	31,679.97 (4568.1)

	Mean Nocturnal Glucose at Follow-Up (mg/dL)
	93.5 (14.7)

	Percent Nocturnal Time in Glucose Range at Follow-Up (%)
	59.5 (32.6)

	Nocturnal AUC at Follow-Up (mg/dL *sec)
	34,251.2 (16,679.6)

	
	n, %

	GDM
	4, 30.8%

	White/Non-Hispanic
	10, 77.0%

	Postgraduate Degree 
	8, 61.5%

	Employed Full Time
	8, 61.5%

	Married/Civil Union
	13, 100%

	Number of Previous Pregnancies Resulting in Live Birth
	

	   0
	6, 46.2%

	   1
	3, 23.1%

	   2
	3, 23.1%

	   3
	1, 7.7%

	MVPA = moderate to vigorous physical activity, LPA = light physical activity, SB = sedentary behavior, GDM = gestational diabetes




	Exposure Variable (10-minute units)
	Outcome Variable
	Baseline (N=13)

	
	
	Unadjusted Β (P)
	Adjusteda Β (P)

	MVPA

	Mean Glucose (mg/dL)
	1.096   
	(0.008*)
	0.857
	(0.064)

	
	TIR (%)
	-2.055
	(0.088)
	-3.374
	(0.012*)

	
	AUC (mg/dL*min)
	317.15
	(0.033*)
	298.133
	(0.076)

	LPA

	Mean Glucose (mg/dL)
	0.267
	(0.052)
	0.117
	(0.523)

	
	TIR%
	0.233
	(0.549)
	-0.114
	(0.830)

	
	AUC (mg/dL*min)
	63.338
	(0.181)
	47.725
	(0.463)

	Total PA

	Mean Glucose (mg/dL)
	0.281
	(0.016*)
	0.193
	(0.234)

	
	TIR%
	0.034
	(0.919)
	-0.453
	(0.335)

	
	AUC (mg/dL*min)
	69.770
	(0.087)
	71.148
	(0.218)

	SB

	Mean Glucose (mg/dL)
	0.099
	(0.358)
	-0.202
	(0.220)

	
	TIR%
	0.461
	(0.123)
	0.505
	(0.288)

	
	AUC (mg/dL*min)
	3.624
	(0.923)
	-74.843
	(0.201)

	aAdjusted for Insight Watch wear time and gestational age in days; *Statistically significant P-Value < 0.05


Table 1.2. Estimated Association of 10-minute Units of Moderate to Vigorous Physical Activity (MVPA), Light Physical Activity (LPA), Total PA, and Sedentary Behavior (SB) with Nocturnal Glucose (12AM – 6AM) in Individuals (N= 13) Gestational Diabetes or Gestational Glucose Intolerance at Baseline
 



[bookmark: _Toc171687900][bookmark: _Toc171697376][bookmark: _Toc171697941][bookmark: _Toc172550932]Table 1.3. Estimated Association of 10-minute Units of Moderate to Vigorous Physical Activity (MVPA), Light Physical Activity (LPA), Total PA, and Sedentary Behavior (SB) with Nocturnal Glucose (12AM – 6AM) in Individuals (N= 11) Gestational Diabetes or Gestational Glucose Intolerance at Follow-Up
	Exposure Variable (10-minute units)
	Outcome Variable
	Follow-Up (N=11)

	
	
	Unadjusted B (P)
	Adjustedb B (P)

	MVPA

	Mean Glucose (mg/dL)
	0.073
	(0.887)
	0.135
	(0.823)

	
	TIR (%)
	-0.601
	(0.658)
	-1.237
	(0.442)

	
	AUC (mg/dL*min)
	-986.467
	(0.306)
	-1747.567
	(0.137)

	LPA

	Mean Glucose (mg/dL)
	-0.047
	(0.766)
	-0.081
	(0.736)

	
	TIR%
	0.024
	(0.953)
	-0.230
	(0.715)

	
	AUC (mg/dL*min)
	-113.738
	(0.694)
	-437.267
	(0.305)

	Total PA

	Mean Glucose (mg/dL)
	-0.027
	(0.834)
	-0.041
	(0.835)

	
	TIR%
	-0.021
	(0.950)
	-0.289
	(0.580)

	
	AUC (mg/dL*min)
	-139.167
	(0.561)
	-489.867
	(0.190)

	SB

	Mean Glucose (mg/dL)
	0.004
	(0.969)
	0.041
	(0.835)

	
	TIR%
	0.179
	(0.521)
	0.290
	(0.580)

	
	AUC (mg/dL*min)
	193.433
	(0.325)
	489.867
	(0.189)

	 bAdjusted for Insight Watch wear time and randomization; *Statistically significant P-Value < 0.05




s
observed a 3% lower nocturnal TIR for each additional 10-minutes of daily MVPA. Most out-of-range values fell above-range, and thus this finding is observing 3% more values above 99 mg/dL (upper limit for pregnancy nocturnal range) for each additional 10-minutes of daily MVPA. This is a relatively substantial change in above-range values and therefore more investigation into nocturnal glucose in this population is warranted. Seventy percent of our sample had GGI, and thus was not provided clinical treatment for pregnancy hyperglycemia (i.e., medical nutritional therapy). Our findings lead us to question whether diet (e.g., compensatory eating behaviors) may be driving higher nocturnal glucose values on days with higher levels of MVPA. 
Few studies have examined maternal glucose levels during the nocturnal hours due to the historical reliance on self-monitored blood glucose (SMBG) testing which requires the participant to be awake, is unpleasant, and prone to measurement error. Recent technological advances have led to the creation of CGMs and activity monitoring devices, which allow researchers and clinicians to concurrently track interstitial glucose levels and PA across the 24-hour day. The Project Wellness pilot feasibility randomized controlled trial is the first of its kind to use CGMs and activity monitoring devices this way in people with GGI and GDM. Prior to this study, the relationship between PA and nocturnal glucose in people with GGI and GDM had not been investigated. The richness of continuously measured device-based data has allowed us to explore these daily associations using mixed effects models, which is not possible to do using most validated survey instruments. 
Furthermore, glucose during the nocturnal period is emerging as clinically important in its association with a more insulin resistant phenotype of GDM and large for gestational age (LGA) (50). In one study of 77 individuals with GDM (31), a CGM was worn for 6 days, between 26 and 32 weeks of gestation, to assess whether hyperglycemia throughout the day was associated with the development of maternal-fetal complications and the need for pharmacological treatment. The overnight period was set to 12am-7am, and a glucose measure of >120 mg/dL was considered above the glycemic range. Pharmacological treatment was required for patients with hyperglycemia patterns overnight (P=0.001). Maternal nocturnal glucose also might be associated with future maternal type 2 diabetes (T2D) risk (62). In a retrospective cohort study of pregnant individuals who underwent a 3-hour OGTT (62), a single abnormal fasting glucose, but otherwise normal-range values, had the highest correlation with T2D risk compared to other single-abnormal OGTT values.  In another large cohort study, an abnormal fasting value during a 3-hour OGTT was associated with the greatest odds of delivering a LGA infant (OR = 1.89, 95% CI = 1.45-2.45; referent group = all values within American Diabetes Association point-specific thresholds) compared to the 1-, 2-, and 3- hour abnormal values (63). As fasting glucose is often seen as a summary measure of the previous night’s glucose, it is possible that glucose regulation during the nocturnal period is an important predictor of both maternal and offspring metabolic health. 
Most published evidence demonstrates an inverse relationship between MVPA and glucose in general (i.e., MVPA tends to decrease glucose in populations with hyperglycemia) (51-53, 64-66). For example, in a clinical trial of ten pregnant adults with Type 1 diabetes, meeting at least 30 minutes of device-measured MVPA per day was associated with significantly less time spent in CGM-measured hyperglycemia (19% in the control vs 0% in the intervention group, P = 0.028) across the 24-hour day (i.e., including but not specific to the night time hours) (67). However, our findings were specific to nocturnal interstitial glucose measured with a CGM. A prospective cohort study of 15 pregnant people with no hyperglycemia in Sweden (68) found accelerometry-assessed movement in the day was not associated with CGM assessed glycemic control during sleep (assessed by accelerometry, not controlling for diet). Movement was measured continuously in Euclidean norm minus one units, which are not easily comparable to levels of intensity using MET values, as used in our study.
There may also be other factors that contributed to nocturnal glucose besides PA, that we did not have data on. Though determinants of nocturnal glucose in pregnancy are unclear, sleep quality and duration (68-70), and gestational weight gain (71) influence overall daily glucose levels, and thus, are worth exploring in future as potential factors that influence nocturnal glucose. Of particular interest, diet quality and timing (72, 73) were not accounted for and should be incorporated in future studies. To the best of our knowledge, there are no published data examining the relationship between daily MVPA and continuously measured glucose, while controlling for daily dietary intake, in patients with pregnancy hyperglycemia. 
In a randomized crossover trial of 12 individuals with GDM, higher carbohydrate intake in the morning (vs lower carbohydrate in the morning) led to lower mean glucose in continuously measured interstitial glucose across 24-hours (74).  This study did not control PA and did not specifically examine overnight glucose separately, but given the findings, timing of carbohydrate intake could potentially confound the association between PA and nocturnal glucose. In a prospective cohort study of 277 healthy pregnant people (72), predominant daily self-reported night-eating (compared to daytime eating) was associated with a higher fasting glucose (geometric mean ratio 1.07; 95% CI 1.00, 1.15) over the 24-hour day, adjusted for socio-demographic, lifestyle factors, and diet composition, but not PA. 
One observational study on 28 non-pregnant individuals at risk for T2D used daily assessments of diet (75), CGM-measured interstitial glucose, and accelerometer measured PA, and found that there was a positive association between protein intake and 24-hour TIR, polyunsaturated fat intake and 24-hour %TIR, and an inverse association between carbohydrate intake and 24-hour %TIR after adjusting for BMI and hours/day MVPA (all P<0.05). This study also revealed a positive association between hours/day of MVPA and 24-hour %TIR after adjusting for BMI, but not diet (P = 0.02). These findings suggest that diet is independently associated with continuous glucose measures and may be a more significant driver of glucose. Despite lacking dietary data, our present study is unique in its use of continuous, device-based data to begin to explore the daily associations of PA and SB with nocturnal glucose. It provides an important first step into understanding how these associations might be examined in larger samples with daily dietary data. 
It is also important to understand the unique qualities of specific devices that may lead to potential advantages or disadvantages. Some of the CGM data may have been biased due to CGM compression lows, which are artificial low values or missing values that can occur when excess pressure is applied to the device, such as sleeping on the arm on which the CGM sensor is applied to (76). CGM compression lows could bias glucose estimates to make them seem lower than they really are, though hypoglycemia is not a concern in this population. In addition, visual examination of the raw CGM files revealed no outlier data points suggestive of a compression low. For the Insight Watch, although the wrist-worn modality is more acceptable in pregnancy than other device wear sites (e.g., the thigh), it is more challenging to detect posture, and thus, reduces the classification of SB to only MET-value based, without including posture. Typically, SB is classified as METs ≥ 1.5 and in a sitting or reclined position. The lack of postural data could lead to misclassification of low-MET standing behavior as sedentary. However, by classifying based on METs, we were still able to define mutually exclusive categories of energy expenditure, and thus, our definition of SB holds values in its ability to classify behavior of the lowest MET values in our sample. In this observational study, we were able to identify temporal associations within a short timeframe (about one week) due to the use of continuous, timestamped data. This provided an advantage over other observational studies that rely on self-report, where there may either be ambiguity in temporality, or the amount of time elapsed between onset of exposure and outcome are not clear. 
[bookmark: _Toc172626534]Conclusion
[bookmark: _Toc289175833][bookmark: _Toc428279019]We found that higher daily PA, specifically MVPA, was associated with higher overnight (nocturnal) glucose, though we lacked adjustment for dietary intake. This is the first study to examine daily associations of PA and nocturnal glucose in pregnant people with GDM and GGI. Future studies should incorporate daily, time-stamped dietary intake data when examining this association as well as qualitative data on participant’s attitudes and beliefs on food on the days that they do vs. do not participate in MVPA. 
[bookmark: _Toc172626535]CHAPTER II
Device-based measures of daily movement and nocturnal bedrest at 6-months postpartum: the PETALS-2 cohort


[bookmark: _Toc289175834][bookmark: _Toc428279020][bookmark: _Toc172626536]Abstract
BACKGROUND: Sufficient amount and quality of sleep is essential for overall well-being, yet the postpartum period is a particularly challenging time in terms of obtaining sufficient duration and high-quality sleep. Measuring bedrest using wrist-worn devices can help researchers elucidate sleep patterns in this population. This study examined the association of daily minutes of moderate to vigorous physical activity (MVPA), light physical activity (LPA), and sedentary behavior (SB) with metrics of postpartum bedrest obtained from wrist-worn ActiGraph devices. METHODS: Data come from the PETALS-2 cohort, a racially and ethnically diverse longitudinal cohort of postpartum mothers who delivered at Kaiser Permanente Northern California in 2018 and 2019. Participants (N=136) wore ActiGraph wGT3X-BT devices on their non-dominant wrists for 7 days at 6 months postpartum. ActiGraph data were processed using validated algorithms for device wear time, physical activity, and nocturnal bedrest [i.e., total nocturnal bedrest duration, frequency of nocturnal bedrest interruptions, bedrest ‘efficiency’ (total nocturnal bedrest/total bedtime period x100%), and average duration of bedrest interruptions] in R Studio. Mixed effects models with autoregressive covariance structures were utilized to assess associations in SAS. RESULTS: After adjusting for age at delivery, race ethnicity, education level, body mass index (BMI), and minutes of daytime bedrest, for every additional 10-minutes of daily MVPA and LPA there was a 0.65-minute (P=0.04) and a 0.52-minute (P=0.01) shorter average duration of bedrest interruptions, respectively. Conversely, an additional 10-minutes of SB was associated with a 0.36-minute longer duration of sleep interruption. No significant associations were observed for total bedrest duration or frequency of bedrest interruptions. CONCLUSIONS: Findings suggest that more daytime LPA and MVPA may improve sleep quality, while more daytime SB may diminish proxy estimates of sleep quality. PA and SB may not impact overall bedrest duration, as there are other factors such as childcare and work responsibilities that likely limit the length of sleep per night. Daily PA may improve postpartum sleep quality at 6 months postpartum.
[bookmark: _Toc289175835][bookmark: _Toc428279021][bookmark: _Toc172626537]Introduction
Sleep is a critical component for maintaining good health. Humans rely on sleep for proper brain functioning (77), energy metabolism (78), cardiovascular regulation (79), endocrine regulation (80), and immune function (81). Inadequate or poor quality sleep has been shown to be associated with a number of communicable and non-communicable diseases, notably, depressive disorders (82), type 2 diabetes (83), and cardiovascular disease (84) in adults. Sleep is also crucial for recovery from psychological and physical stressors (85, 86), and this extends to the stress of childbirth (87-89). Poor sleep quality in the postpartum period has been associated with elevated anxiety (82, 90), depression (82, 90), accelerated biological age (91), gestational weight retention (92), and fatigue (93) in postpartum women. Inflammation is a key biological mechanism that ties poor sleep to these health outcomes (94, 95). 
Studies recognize the importance of sleep duration as well as sleep quality for healthy mental and physical function. The Center for Disease Control and Prevention and the American Academy of Sleep Medicine recommend adults get seven or more hours of sleep per night (96, 97). However, about a third of all U.S. adults sleep less than 7 hours per night (98, 99). Sleep quality can be broadly defined as the self-satisfaction with all aspects of the sleep experience (100). Sleep duration is sometimes viewed as a component of sleep quality, along with sleep efficiency, sleep latency, and wake after sleep onset (WASO). These components can be measured using a variety of survey and device-based techniques (101). Device-based assessments of sleep using actigraphy commonly measure sleep efficiency (i.e., the amount of sleep/total sleep period) and sleep fragmentation (i.e., WASO) (102).
Despite the importance of sleep, many mothers face difficulties obtaining enough quality sleep each night in the postpartum period (103). Although it is unlikely that duration of sleep can be modified, sleep quality has the potential for improvement by modifiable antecedents such as physical activity (PA) (104). Greater light and moderate intensity PA and lower sedentary behavior (SB) have been shown to improve sleep quality in older adults (105, 106), while greater moderate to vigorous intensity physical activity (MVPA) has been shown to increase sleep duration in non-pregnant adult women (107).
Despite the current evidence base on the benefits of PA for sleep in adults in general, few studies have examined this relationship in the postpartum period, and to the best of our knowledge, no studies have examined this relationship using device-based measures of PA and SB in a diverse cohort of postpartum mothers. Device-based measures remove the possibility of recall bias and can provide more precise timestamped, minute-by-minute assessments of activity and bedrest (as a proxy estimate for sleep). This allows for classification of nocturnal and daytime movement and rest, which may play a significant role in regulation of circadian rhythm (108, 109). Thus, the objective of this study was to assess, with serial device-based measurements, the association of daytime PA and SB with nocturnal bedrest duration and bedrest fragmentation at 6-months postpartum.  

[bookmark: _Toc172626538]Materials and Methods

[bookmark: _Toc172626539]PETALS-2 Data
PETALS-2 (Pregnancy Environment and Lifestyle Study II) is an expansion of PETALS, a population-based, ethnically and racially diverse longitudinal cohort study of pregnant participants recruited between 2014 and 2017 (N=2619). Details of the PETALS study design have been previously described (110, 111). PETALS-2 participants (N= 331, 12.6% of original PETALS cohort) were followed for up to 24 months postpartum between 2019 and 2021. Weight-related psychosocial and behavioral factors were assessed by survey, and clinical factors were assessed by electronic health records every 6 months. This present study uses a subsample of PETALS-2 participants who opted into wearing an ActiGraph wGT3X-BT, a research grade activity monitoring device worn on the dominant wrist (like a watch, but it provides no feedback or information on PA levels or sleep). PETALS-2 participants wore the devices on their non-dominant wrists for 7-days at both 6 months and at 12 months postpartum. 
[bookmark: _Toc172626540]Obtaining ActiGraph Device Measures
The ActiGraph wGT3X-BT houses an accelerometer which detects movement on three axes. Data were downloaded from the devices as GT3X files and converted to 1-second epoch (i.e., segments) and raw CSV files in ActiLife software. The CSV files were then processed and analyzed using RStudio 2022.02.3+492.
[bookmark: _Toc172626541]Device Wear Algorithm
The Choi et al. algorithm (30, 56) classified each minute for participant device-wear period as ‘wear’ or ‘non-wear’. Non-wear minutes were excluded from the subsequent datasets and days with at least 600 wear minutes were retained for the analyses.
[bookmark: _Toc172626542]24-Hour Physical Activity and Sedentary Behavior
Two Regressions algorithm housed within the TwoRegressions R package was used to assign an average metabolic equivalent of task (MET) value to each minute of wear time (57). Two Regressions is a wrist-specific (dominant vs. non-dominant) algorithm and currently the only laboratory-validated algorithm available for the estimation of energy expenditure from wrist-worn ActiGraph devices. Total daily minutes spent in sedentary (i.e., ≤1.5 MET), light (i.e., 1.6-2.9 MET), moderate (i.e., 3.0-5.9 MET), and vigorous (i.e., ≥ 6.0 MET) intensity activity were summed for each 24-hour day. To note: SB is typically defined by position and MET value. However, an accurate wrist-worn algorithm to detect positional changes has yet to be validated and thus, only MET-value was used to classify SB. All minutes classified as SB were assigned a MET value of 1.25. The number of minutes in sedentary behavior (SB), light physical activity (LPA), and moderate to vigorous physical activity (MVPA) during a defined daytime window were summed for each day of observation. 
[bookmark: _Toc172626543]Device-Measured Bedrest
The Tracy algorithm (112, 113), a decision tree algorithm within the PhysActBedrest R package, classified each minute of device wear time as ‘bedrest’ or ‘non-bedrest’. The Tracy algorithm has been shown to have higher sensitivity (0.912 vs 0.891), specificity (0.923 vs 0.828), and accuracy (0.859 and 0.763) compared to the Cole-Kripke algorithm (all P <0.001), a common sleep algorithm adopted by accelerometer software, including ActiGraph software (114). Bedrest was used as a proxy estimate for sleep in this analysis. 
[bookmark: _Toc172626544]Defining the Nocturnal and Daytime Period
To jointly minimize both daytime bed rest and MVPA in the nocturnal period, various cut points were explored. A generous nocturnal window of 7PM – 10AM was first created. The number of participants and their median minutes in bedrest and MVPA for each hour segment between 7PM-12AM and 5AM-10AM were then examined to identify the optimal bedrest-MVPA tradeoff. The window between 9PM and 7AM was ultimately chosen as the nocturnal window, as it minimized MVPA and maximized bedrest. Furthermore, though there is variability in sleep consolidation (i.e., sleeping at least 6 or 8 consecutive hours a night) and wake time (115-118), 6-month old infants typically wake up between 6:30AM and 8AM, making a maternal daytime start of 7AM a relatively conservative estimate (116). Table 2.1 (appendix) shows the tradeoff between the number of MVPA and bedrest minutes per hour in the windows 7PM-11PM and 5AM-9AM. Table 2.2 shows minutes of MVPA and bedrest within potential nocturnal and daytime windows. 
[bookmark: _Toc172626545]Calculated Variables for Main Analysis
Nocturnal to-bed time was defined as the first minute classified as bedrest in the nocturnal period. Nocturnal out-of-bed time was defined as the last minute classified as bedrest in the nocturnal period. Total duration of nocturnal bedrest minutes was calculated by summing the number of bedrest minutes within the nocturnal window (i.e., 9PM – 7AM). A nocturnal bedrest interruption was defined as two or more consecutive non-bedrest minutes that lie between nocturnal to-bed and nocturnal out-of-bed times. Nocturnal bedrest interruptions were counted to obtain frequency of nocturnal bedrest interruptions. Bedrest ‘efficiency’ (as a proxy for sleep efficiency) was assessed by dividing the total number of bedrest minutes between nocturnal to-bed and out-of-bed times and dividing by the total number of all minutes between the nocturnal to-bed and out-of-bed times, then multiplying by 100%. In addition to these variables, the day-level variable, daytime bedrest was created. Increased daytime PA may lead to fewer naps, or daytime bedrest which may be associated with decreased sleep quality (109). The number of minutes classified as bedrest between 7AM and 8:59PM were summed, then categorized into the following bins: 0 minutes, 1-30 minutes, 31-60 minutes, 60-90 minutes, and 90+ minutes of daytime bedrest.
[bookmark: _Toc172626546]Covariates 
Covariates include age at delivery, race and ethnicity, education level, body mass index (BMI), and daytime bedrest. Age in years at delivery was calculated based on date of birth extracted from medical records. Participants reported their race and ethnicity at baseline and the final variable was condensed into five categories to maintain adequate cell sizes: Asian/Pacific Islander, Black, Hispanic, White, and Other. The highest level of education achieved was self-reported and the final variable condensed into four categories to maintain adequate cell sizes: high school or less, some college, four-year college graduate, and postgraduate. BMI in kg/m2 was calculated from clinic measured weight (kg) and height (m).
[bookmark: _Toc172626547]Statistical Analyses
Analysis of the data was performed in SAS Enterprise Guide Version 8.1 (60). Descriptive statistics were generated using PROC FREQ (for proportions) and PROC UNIVARIATE (for measures of central tendency and variance). Chi-square tests of independence were calculated for categorical variables, while Kruskal-Wallis tests of difference in medians for skewed continuous variables and one-sided t-tests for differences in means for normally distributed continuous variables were calculated (α set to 0.05 for all). Mixed effects models were used to assess the relationship of daytime PA and SB with nocturnal bedrest measures. Autoregressive covariance structures were specified to account for the correlation in repeated measurements. Covariates included in adjusted models were selected a priori and include age, race and ethnicity, education, BMI, and daytime bedrest. 
[bookmark: _Toc172626548]Results
[bookmark: _Toc172626549]Participant Characteristics
In the full cohort, the average age was 32 (SD = 4.4) years old (Table 2.3). Proportions ranged from 10-32% for race and ethnicity and from 10-35% for education. About 50% of the cohort had a BMI at or above 25 kg/m2. Half of the cohort engaged in at least 66 minutes of MVPA per day (Q1-Q3 = 36.0-101.0), had at least nocturnal 428 bedrest minutes (Q1-Q3= 363.0-82.0) and at least 31 daytime bedrest minutes (Q1-Q3 = 0.0-103.0). Median nocturnal bedrest to-bed time fell around 11PM (Q1-Q3 = 9:54PM-11:50PM) and final nocturnal out-of-bed time fell at 6:59AM (Q1-Q3 = 6:18AM-6:59AM).
[bookmark: _Toc172626550]Associations from Mixed Effects Models
Table 2.4 presents results from the mixed effects models. After adjusting for covariates, for every additional 10-minutes of LPA, there was a 0.14% greater bedrest efficiency (P= 0.01). For every additional 10-minutes of LPA and MVPA, there was a 0.52 min (P=0.01) and 0.65 min (P=0.04) shorter average duration of bedrest interruptions, respectively, after adjustment. Conversely, an additional 10-minutes of SB was associated with a statistically 0.09% lower in bedrest efficiency (P=0.04), and 0.36 min longer average duration of bedrest interruptions (P=0.02), after adjustment. 
In the adjusted models, race ethnicity was statistically significantly associated (Estimate = 0.02) with sleep efficiency in adjusted models for LPA, MVPA, and SB (P <.05), and BMI was positively associated with bedrest interruption frequency in all three models (P <0.05). Specifically, bedrest efficiency was reduced by 3.9-4.4% in individuals in the Multiracial category compared to individuals in the Non-Hispanic White category, after adjusting for confounders and either daytime MVPA, LPA, or SB minutes. Daytime bedrest was inversely associated with average bedrest interruption duration in the model including daytime SB minutes, when compared to the highest level of daytime bedrest, having 0 minutes, 1-30 minutes, and 30-60 minutes of bedrest led to a 12.0-, 9.0-, and 8.8-minute shorter average duration of nocturnal bedrest interruptions, after adjusting for confounders and SB minutes (P < 0.05). 
[bookmark: _Toc172626551]Discussion
In this study, we sought to identify the relationship between device-assessed daily PA and SB, with bedrest duration and quality at 6-months postpartum, using mixed effects models for repeated measures data. Bedrest interruption may impact sleep quality (101, 102), and the results from this analysis suggest that greater daytime PA, regardless of intensity, may lead to a small (albeit statistically significant) augmentation in sleep 

[bookmark: _Toc171697942][bookmark: _Toc172550933]Table 2.3. Participant Characteristics Among Physical Activity (PA) Device Wearers (N= 136) at 6-months Postpartum from PETALS-2 
	Age, years, mean +/- SDa
	32.4 +/- 4.4

	Race & Ethnicity, n (%)a
	

	   Asian/Pacific Islander
	34 (25.0)

	   Black
	13 (9.6)

	   Hispanic
	30 (22.1)

	   White
	44 (32.3)

	   Other
	18 (20.6)

	Education, n (%)a
	

	   High school or less
	13 (9.6)

	   Some college
	28 (20.6)

	   College graduate
	48 (35.3)

	   Postgraduate
	47 (34.6)

	BMI, kg/m2, n (%)a
	

	   < 25.0 (Underweight/Healthy)
	69 (50.7))

	   25.0-29.9 (Overweight)
	35 (25.7)

	   >= 30.0 (Obese)
	32 (23.5)

	Number of Live Births, n (%)a
	

	   1
	68 (50)

	   2
	52 (38.2)

	   3+
	16 (11.8)

	Daytime Activity Mins
	

	   MVPA, median (Q1, Q3)b
	66.0 (36.0, 101.0)

	    LPA, mean +/- SD c
	388.2   +/- 88.3

	   SB, mean +/- SDc
	453.5 +/- 122.3

	Bedrest Minsb
	

	   Nocturnal, median (Q1, Q3)
	428.0 (363.0, 482.0)

	   Daytime, median (Q1,Q3)
	31.0 (0.0, 103.0)

	First Nocturnal To-Bed Time, median (Q1, Q3)b
	22:53 (21:54, 23:50)

	Last Nocturnal Out-of-Bed, median (Q1, Q3)b
	6:59 (6:18, 6:59)

	Daytime between 7AM – 8:59PM; Nocturnal between 9PM – 6:59AM; 66 MVPA minutes is the median number of average daily minutes of MVPA for participants; SD = standard deviation, BMI = body mass index, Q1 = Quartile 1, Q3 = Quartile 3







[bookmark: _Toc171697943][bookmark: _Toc172550934]Table 2.4. Association of 10-Minute Units of Moderate to Vigorous Physical Activity (MVPA), Light Physical Activity (LPA), and Sedentary Behavior (SB) during the Daytime with Sleep Outcomes Assessed from 9PM – 6:59AM at 6-months Postpartum, PETALS-2, Kaiser Permanente Northern California
	Sleep Outcome
	Model 1 Estimate
	SE
	P-Value
	Model 2 Estimate
	SE
	P-Value

	
	
	
	
	
	
	

	Total Duration of Nocturnal Bedrest (min)a
	
	
	
	
	
	

	   MVPA
	-0.2236
	0.7627
	0.77
	-0.7909
	0.7811
	0.31

	   LPA
	0.3230
	0.3941
	0.41
	0.1852
	0.4080
	0.65

	   SB
	0.2351
	0.3172
	0.46
	0.0061
	0.3373
	0.98

	
	
	
	
	
	
	

	Frequency of Nocturnal Bedrest Interruptions (count)b
	
	
	
	
	
	

	   MVPA
	-0.0014
	0.0057
	0.80
	0.0001
	0.0059
	0.98

	   LPA
	-0.0037
	0.0031
	0.23
	-0.0043
	0.0033
	0.19

	   SB
	0.0005
	0.0025
	0.82
	0.0009
	0.0027
	0.74

	
	
	
	
	
	
	

	Bedrest Efficiency (%)c
	
	
	
	
	
	

	   MVPA
	0.1101
	0.0880
	0.21
	0.0790
	0.0918
	0.39

	   LPA
	0.1274
	0.0501
	0.01*
	0.1404
	0.0507
	0.01*

	   SB
	-0.0662
	0.0400
	0.09 
	-0.0901
	0.0428
	0.04*

	
	
	
	
	
	
	

	Average Duration of Nocturnal Bedrest Interruptions (min)d
	
	
	
	
	
	

	   MVPA
	-0.8275
	0.3204
	0.01*
	-0.6552
	0.3258
	0.04*

	   LPA
	-0.6225
	0.1876
	0.00*
	-0.5255
	0.1930
	0.01*

	   SB
	0.2241
	0.1452
	0.12
	0.3618
	0.1527
	0.02*

	
	
	
	
	
	
	

	Model 1: Unadjusted mixed effects model with autoregressive covariance structure, Model 2: Mixed effects model with autoregressive covariance structure adjusted for age, education, race & ethnicity, BMI, and number of daytime bedrest minutes; 
a Cumulative number of minutes in bedrest during nocturnal period (9PM-6:59AM);
b Defined as at least 2 consecutive non-bedrest minutes that lie between the first to-bed and last out-of-bed times in the nocturnal period.
c Nocturnal bedrest minutes/total duration in minutes between the first to-bed and last out-of-bed times in the nocturnal period. 
d Mean of number of consecutive non-bedrest minutes that lie between the first to-bed and last out-of-bed times in the nocturnal period. 
*statistically significant P-Value < 0.05





quality in mothers at 6 months postpartum, even after accounting for age, education level, race and ethnicity, BMI, and the number of daytime bedrest minutes. Furthermore, greater SB led to slightly longer average duration of bedrest interruptions and lower bedrest efficiency, suggesting that daytime SB may lead to a diminished quality of sleep the following night. As expected, associations were not found between daily MVPA, LPA, and SB and total duration of bedrest and frequency of bedrest interruptions in our cohort. While PA may be associated with improved sleep quality, length of sleep time is likely more influenced by work demands and we can expect other factors, such as childcare needs during the night, to influence frequency of interruptions regardless of daytime activity. 
Mechanisms behind the beneficial effects of PA on sleep are debated but are often attributed to the reduction of the stress hormone, cortisol (119). Greater PA may lead to reduction in cortisol, which in turn promotes relaxation (120), preserves REM sleep (121, 122), balances hypothalamic-pituitary-adrenal axis function (123), and mitigates hyperarousal (124). 
	Other studies examining the relationship between postpartum PA and sleep duration and quality vary in their results and methodology. A randomized control trial of the effects of a three month aerobic exercise intervention on stress, fatigue, and sleep quality in 140 Taiwanese women found that participants in the experimental group had significantly decreased their symptoms-related sleep inefficiency (measured by the Postpartum Sleep Quality Scale) compared to controls (93). In a cross-sectional analysis examining the association between PA measured by the Pregnancy Physical Activity Questionnaire and Pittsburgh Sleep Quality Index (PSQI) in Hispanic postpartum people (125), sports/exercise was associated with lower odds of very poor sleep quality (OR= 0.18, 95% CI = 0.05, 0.69) and sports/exercise and vigorous intensity PA were associated with a lower odds of short (vs normal) sleep duration [ORs= 0.05 (CI = 0.01, 0.26) and 0.13 (CI = 0.04, 0.42)]. In an observational study, device-measured PA was generally not associated with sleep quality measured by the PSQI in their cohort of 365 postpartum mothers (126).  In a cohort study of 530 postpartum participants aimed at assessing the association of PA with sleep quality and duration in the postpartum, PA was assessed by self-report in the last week for the 3- and 12- month postpartum timepoints (127). Sleep quality and duration were measured by self-report during an in-home interview. At 12 months postpartum, a one-hour/week longer duration of recreational MVPA was associated with higher odds of good (vs poor) sleep quality (OR= 1.14, CI 1.03, 1.27) and one hour a week longer of child/adult care MVPA was associated with lower odds of good (vs poor) sleep (OR= 0.93, CI= 0.88, 0.99). 
Based on these studies, there appears to be associations between PA and sleep quality and/or duration, but the reliance on self-report, often measured on a summary level (e.g., 1-month interval) prevent valid assumptions from being made on the acute impact (i.e., day level) of PA on sleep. By examining daily associations, we were able to control for both participant-level and day-level factors, and have a more granular measure of association. 
	One of the main strengths of this study is the use of continuous, 24-hour device-based measures of PA and bedrest, which are free of recall-bias and more precise compared to self-report measures. While device-based measures have their advantages over self-report, they also lack social and environmental context. Thus, there is no way of knowing what domains of PA are being performed (e.g., occupational, transportation based, recreational, versus domestic and care-based PA). Furthermore, device-based bedrest classification may not always translate to biological sleep and may often reflect restful behavior (e.g., lying down to nurse, watching television, etc.), especially at 6-months postpartum, when infants are often up early and nap early (116), with varying effects on maternal rest or sleep at these times (128). Bedrest may also be more challenging to capture during the postpartum period, as sleep patterns often differ from the general population during this time because of inconsistent infant sleep patterns, which could lead to shorter periods of maternal rest to compensate for poor night sleeping (116, 118). Thus, algorithms used to classify bedrest may need to be modified. Future studies should investigate the validity of device-based measures in the postpartum period using standard and modified algorithms of sleep and bedrest assessed with polysomnography. It is promising that accelerometer-based sleep measures have been found to have reasonable accuracy compared to plethysmography in the general population (129). 
	The continuous measurement of activity also allowed for the detection of daytime bedrest, a proxy measure for napping, which may be more difficult to capture in a sleep diary, as daytime napping and resting can be subjective depending on an individual’s perception (e.g., waking resting with eyes closed vs deep sleep) and whether the nap occurred long enough after the participant woke for the day. Device-based, timestamped measures standardized the definition of daytime bedrest and allowed for a more consistent covariate in mixed effects models in the present study. Generally, daytime bedrest was not shown to be statistically significantly associated with nocturnal bedrest measures in the adjusted models, except for the model examining the association between daytime SB and average nocturnal bedrest interruption duration. This finding may imply that daytime bedrest is independently associated with bedrest fragmentation and thus, potentially sleep quality. Since daytime bedrest was only significant in the model of SB included as the primary independent variable, there is a need to further investigate this association. Both bedrest and SB are low MET-value behaviors and there may be a higher probability of misclassifying one, or the other, in more sedentary individuals within this specific population.
Another advantage to this analysis is the racial and ethnic, as well as the socioeconomic diversity of the PETALS-2 cohort. Physical activity and nocturnal behaviors may be influenced by social and cultural factors, such as expected roles held by mothers of varying backgrounds, as well as stressors associated with discrimination (130). Indeed, race and ethnicity were statistically significantly (P<0.05) associated with sleep efficiency in all three adjusted models. To the best of our knowledge, there are no current studies that examine racial or ethnic differences in maternal sleep quality during the postpartum period, but there is evidence to show that in non-pregnant populations, individuals belonging to underrepresented racial and ethnic groups tend to have poorer sleep quality. In one cohort study of older adults, people who identified as Black had worse sleep quality compared to Asian, Latino, or White racial and ethnic groups (131). In another cohort of college-aged women, racial and ethnic minority groups had lower sleep quality than a non-Hispanic white comparison group (132).   
	The statistical significance of BMI in association with bedrest interruption frequency in all three adjusted models adds to current knowledge on the association of greater PA and less SB (133), and poor sleep quality (134) with maternal overweight and obesity. There is currently a paucity of evidence on whether postpartum BMI influences PA and SB (135), although some evidence suggests that postpartum mothers with overweight and obesity face unique barriers to engaging in PA (136). For example, BMI may be associated with habitual snoring, a component of sleep quality (137). 
[bookmark: _Toc172626552]Conclusion
This study examined the relationship of daytime physical activity (PA) and sedentary behavior (SB) with nocturnal sleep duration and quality among mothers at 6-months postpartum. The findings show that higher daytime PA (i.e., minutes), regardless of intensity, is associated with a small improvement in bedrest at 6-months postpartum, while higher daytime SB may be associated with lower bedrest efficiency that night. These data provide valuable considerations for maternal well-being during the crucial postpartum period, where sleep is challenged. Utilizing continuous, device-based timestamped measures of both PA and bedrest constitutes a strength of this analysis, offering data free from recall bias. Further research incorporating ecological momentary assessment data for daily assessment of sleep times, further refinement of sleep and bedrest detection algorithms, and comparison of algorithms to gold standard sleep quality measurement will enrich our understanding of how health behaviors may be leveraged to promote maternal well-being during the challenging postpartum period.
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[bookmark: _Toc171697944][bookmark: _Toc172550935]Table 2.1. Moderate to Vigorous Intensity Physical Activity (MVPA) and Bedrest among PETALS-2 Participants with ActiGraph Data at 6-Months Postpartum (N=136)
	Hourly Evening MVPA Minutes, mean
	
	Hourly Evening Bedrest Minutes, mean
	

	   19:00-20:00 (n=136)
	6.1
	   19:00-20:00 (n=100)
	40.5

	   20:00-21:00 (n=132)
	5.3
	   20:00-21:00 (n=111)
	37.5

	   21:00-22:00 (n=127)
	4.7
	   21:00-22:00 (n=117)
	39.1

	   22:00-23:00 (n=124)
	4.1
	   22:00-23:00 (n=132)
	41.0

	Hourly Morning MVPA Minutes, mean
	
	Hourly Morning Bedrest Minutes, mean
	

	   5:00-6:00 (n=73)
	4.7
	   5:00-6:00 (n=135)
	54.5

	   6:00-7:00 (n=99)
	5.8
	   6:00-7:00 (n=135)
	48.2

	   7:00-8:00 (n=122)
	7.7
	   7:00-8:00 (n=133)
	41.6

	   8:00-9:00 (n=132)
	7.5
	   8:00-9:00 (n=118)
	35.6


















[bookmark: _Toc171697945][bookmark: _Toc172550936]Table 2.2. Minutes of Daytime and Nocturnal Moderate to Vigorous Physical Activity (MVPA) and Bedrest by Defined Daytime and Nighttime Windows
	   
	Daytime defined 10AM – 7PM and Nighttime Defined 7PM – 10AM
	Daytime defined 7AM – 9PM and Nighttime Defined 9PM – 7AM

	MVPA minutes, median (Q1-Q3)
	
	

	   daytime
	35.0 (13.0 ,57.0)
	49.0 (16.5, 81.5)

	   nocturnal 
	22.0 (7.0, 37.0)
	6.0 (1.0, 11.0)

	Bedrest minutes, median (Q1-Q3)
	
	

	   daytime  
	94.0 (28.2, 159.7)
	97.0 (19.5, 174.5)

	   nocturnal 
	417.0 (269.5, 564.5)
	387.0 (271.0, 503.0)

	To-Bed Time, mean
	22:47
	23:01

	Out-of-Bed Time, mean
	7:31

	6:38
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Device-based measures of late pregnancy physical activity and serial measures of infant adiposity across the first year of life





































[bookmark: _Toc172626555]Abstract
Background: Gestational diabetes mellitus (GDM) and gestational glucose intolerance (GGI) increase the offspring’s risk of excess adiposity. Physical activity (PA) is a modifiable behavior that may regulate maternal and neonatal metabolism and has the potential to prevent accelerated adiposity across infancy (i.e., delivery through one year of age). Data are strong for the preventative effect of maternal PA on large size at birth but data on anthropometric outcomes in childhood are often based on a single measure of offspring adiposity, or body weight. Studies examining this relationship do not include a comprehensive assessment of infant anthropometrics at multiple timepoints in infancy, in part due to the logistical difficulty in obtaining serial, research grade, measurements across the first year of life. This study aimed to describe strategies for successfully obtaining serial infant measures and to explore the association of maternal PA in late pregnancy with infant subscapular skinfold thickness and weight across the first year of life.
Methods:  Data come from the Project Wellness randomized controlled feasibility trial where participants were enrolled in a behavioral walking/stepping or wellness education intervention in pregnancy and followed up until 1 year postpartum. We describe protocols and lessons learned related to the serial anthropometric assessments across infancy. ActiGraph CentrePoint Insight Watches were worn on the dominant wrist for 7 days at their baseline study visit and ~ 5 weeks later at a post-intervention study visit. Participants completed visits at delivery and at 3, 6, 9, and 12 months postpartum. Infant anthropometric measurements were collected at each visit. Process measures included the number of measurements taken for each study visit, and the number and descriptions of individual exceptions made to anthropometric measurement protocols. In a secondary observational analysis, mixed effects models were used to explore the relationship between late pregnancy PA measures and infant subscapular skinfold thickness and weight across infancy. Separate models were run for exposure variables, moderate to vigorous intensity PA, light intensity PA, total PA, and sedentary behavior at either baseline or follow-up for both subscapular skinfold thickness and weight outcomes. Follow-up models controlled for group randomization. Results: A total of 21 participants were enrolled, with 16 able to provide infant anthropometric data for at least two timepoints during the first year of life (COVID-19 pandemic restricted recruitment and follow-up). Preliminary analyses showed a significant positive association between infant age and growth measures. No significant associations between exposure variables and infant anthropometrics were observed, but when examining the models at follow-up, group randomization was statistically significantly associated with subscapular skinfold thickness (P<0.05). Subscapular skinfold thickness was 2mm lower in the behavior walking/running group compared to the wellness education group. Additionally, non-linear patterns of growth were observed for all anthropometric measurements across infancy. Conclusions: Future large-scale longitudinal study of maternal PA and infant growth should allow for flexibility in scheduling around participant needs and preferences and prioritize anthropometric measurements with the highest clinical significance to ensure consistent and quality data collection of serial infant anthropometric measures. 
[bookmark: _Toc172626556]Introduction
Pregnant individuals diagnosed with gestational diabetes mellitus (GDM) or gestational glucose intolerance (GGI) are at increased risk for delivering large neonates (36-49, 63, 138). Excess neonatal size can lead to augmented infant size and adiposity (139). Rapid change in weight over the first 12 months of life has been shown to be a predictor of childhood obesity (140-148). Infant weight measures have been used as the primary measure of infant growth in studies, as it is a straightforward measure and often readily available in electronic health records. However, there has been debate on the use of weight as a health metric as it does not capture the variations in fat vs fat-free mass (149). Skinfold measurements which measure adipose tissue in infancy are preferred to weight alone (150). Infant adiposity may lead to early childhood cardiovascular risk (151). 
Notably, infant subscapular skinfold thickness, one measure of infant adiposity, may be associated with maternal hyperglycemia (152, 153). Subscapular skinfold thickness is also associated with impaired glucose metabolism in childhood (154), and is recognized as an accurate index of central adiposity relative to other skinfold measures (155, 156).
 There is a growing body of evidence on the benefits of pregnancy PA on offspring metabolism. In a systematic review, 5 out of 32 studies suggest infant body composition could be influenced by mid- to late- pregnancy PA, but body composition was only assessed for the first two weeks of life and overall infant body composition at birth was not associated with prenatal exercise in the majority of the studies assessed (157). Some studies have examined the relationship between maternal PA and infant adiposity (65, 66, 158-160), and found that pregnancy PA may lead to improvements in offspring adiposity and/or weight measures, but PA was either assessed with a questionnaire, infant anthropometric measurements were taken at only one timepoint, and/or only length and weight were recorded. Maternal physical activity (PA) may alter infant epigenome in women with GGI and GDM, thereby laying the foundation for favorable future metabolic health in the infant (20).
To the best of our knowledge, there have been no published data examining the potential association of maternal PA in pregnancies affected by GGI and GDM with serial measurements of infant birthweight and adiposity through 12 months of age. Taking anthropometric measures at multiple stages of infancy is essential for capturing the trajectory changes in adiposity over this period of rapid growth. Currently, there is a lack of adipose tissue growth charts across infancy. This longitudinal approach enables researchers to account for developmental changes (161) and identify sensitive periods,  thus advancing our understanding of how adiposity measures change across infancy and how late-pregnancy PA might influence growth and development.. 
Acquiring infant anthropometric measurements may pose several challenges. The process involves obtaining parental consent, setting study visit dates around busy caregivers’ schedules, and ensuring participants find the visits pleasant enough to continue serial visits through 12 months postpartum. Additionally, obtaining research quality measurements from infants in variable emotional states, temperament, and stages of development makes this data potentially difficult to collect. Investigators must be able to read infant body language cues to assess their current willingness to participate, and adjust as needed. Protocols should be specific, according to rigorous research standards, with added flexibility to accommodate caregivers and infant needs and preferences. This paper describes our experiences implementing serial assessments of infant anthropometrics to guide larger scale implementation of these measures, and explores the associations of device-based maternal PA in late-pregnancy with subscapular skinfold and weight measures across infancy. 
[bookmark: _Toc172626557]Methods
[bookmark: _Toc172626558]Data Source
This is a secondary analysis of postpartum follow-up data collected for the Project Wellness randomized controlled feasibility trial at the University of Tennessee Medical Center and the University of Tennessee Knoxville. Eligible participants with GDM and GGI were enrolled in the study between 24 and 32 weeks and randomized to either a prenatal walking/stepping behavioral intervention or a general wellness intervention that did not touch on issues related to PA, diet, or body weight (ClinicalTrials.gov Identifier: NCT04209348). The baseline study visit took place before 32 weeks gestation, where participants were given an ActiGraph CentrePoint Insight Watch (hereafter, Insight Watch), and asked to wear it on their dominant wrist, continuously, for 7 days. The Insight Watch is a research grade activity monitoring device that captures the acceleration changes in participants on three axes. After the 5-week prenatal intervention which initiated immediately following their baseline visit, participants then completed a pregnancy post-intervention follow-up visit between 29-38 weeks gestation, for which the Insight Watch was worn on their dominant wrist for another 7 days. Another follow-up visit took place within 5 days of delivery, either at the hospital or participants’ home (depending on current COVID-19 protocols at the time of delivery). Subsequent at-home follow-up visits took place at 3, 6, 9, and 12 months postpartum.
[bookmark: _Toc172626559]Device-Based Measures of Physical Activity and Sedentary Behavior in Late-Pregnancy
Data from the insight watch was exported from the CentrePoint platform in a GT3X file. GT3X files were converted to 1-second epoch and raw CSV files in ActiLife software. Epoch and raw files were read into R with the ‘AGread’ package. Sixty-second periods in the epoch files were classified as ‘wear’ or ‘nonwear’ time using the Choi algorithm in the ‘PhysicalActivity’ package (56). Each minute within the raw files were classified by their metabolic equivalent of task (MET) using the two-regressions algorithm in the ‘TwoRegressions’ package (57).  Participants wore an ActiGraph CentrePoint insight watch on the dominant wrist for seven days after completing a wellness intervention or a walking intervention. Weartime-classified epoch and MET-classified raw files were then merged to account for minutes of weartime and activity intensity in one dataset, by participant ID and timestamp. Summary data on each participant and day was generated in R and included minutes of wear time, moderate to vigorous PA (MVPA; ≥ 3.0 METs), light intensity PA (LPA; 1.6 – 2.9 METs), and sedentary behavior (SB; ≤ 1.5 METs) for participant and day. SB was classified solely on MET-value as wrist worn algorithms for posture have yet to be validated. Days with less than 600 minutes were excluded. Minutes of MVPA, LPA, and SB were then scaled to 900 minutes (i.e., 15 hrs) of wear time to account for the variability in wear time by day and participant. Each entry was scaled to 900 minutes using the following formula: (raw number of minutes/valid minutes) * 900. The scaled values were then averaged for each study visit then the scaled averages for each visit were then averaged for the overall value of MVPA_900. The scaled data were then averaged for each study visit for the overall study visit-specific values of MVPA, LPA, and SB.
[bookmark: _Toc172626560]Anthropometric Data Collection
At delivery and each postpartum study visit, a trained research assistant took infant anthropometrics including length, weight, circumferences of bicep, waist, head, and skinfold thickness measurements at five sites (bicep, tricep, flank, thigh, and sub-scapula). The order of measurements taken varied depending on infant needs and temperament at the time of data collection. Each measurement was taken twice on the right side of the body and the average of the measurements were used as the final result. Mothers were instructed to wear light clothing and to remove their infant’s clothing, besides a diaper. Any individual exceptions made to the protocol were recorded.
	At delivery, weight was measured (in kg) using a Seca 354 Pediatric Scale, length with a Seca 210 Infant Measure Mat (to the nearest 0.5 cm), and head, abdominal, and arm circumferences (to nearest 0.1 cm) with a Seca 201 measuring tape. If the difference between first and second circumference measures was greater than 0.5 cm, then a third measure was taken and the average of the three circumferences used. Neonatal skinfold thickness was measured at the flank, thigh, tricep, bicep, and subscapular with Harpenden calipers on the right side of the body. The neonatal and infant skinfold thickness measuring techniques used in this study have been previously validated (162). Prior to the study visits, skinfold calipers were calibrated to ensure the needle was over the zero on the dial. Skinfold measurements were taken to the nearest 0.1 mm. If the difference between two skinfold measurements was more than 0.5 mm, then a third measurement was taken and the average of the three measurements was used as the result. 
For the postpartum visits, infant weight was measured by taking the mother’s weight on a research-grade digital adult scale, the combined weight of the mother and infant, and then taking the difference between the average of the two mother’s weights and the combined weights. If the difference in weight measurements was greater than 0.05 kg, then a third measure was taken, and the three measurements averaged.
Infant length was measured with a Seca 416 Mobile Infantometer (to the nearest 0.1 cm) at postpartum visits. Infants were measured from the top of their head to the soles of their feet with their torso and legs fully extended in supine position so that at least one foot was flexed perpendicular against the foot piece. If the difference between first and second length measurements was greater than 1.0 cm at delivery or greater than 0.5 cm at postpartum visits, then a third measurement was taken, and the three measurements averaged. For head, waist, and thigh circumferences (taken to the nearest 0.1 cm), a Seca 201 Measuring Tape was used. If the difference between the first and second circumference measures was greater than 0.5 cm, then a third measure was taken and the average of the three circumferences used. 
To maximize participation in future study visits, visits were individually tailored to the infant and/or family. For example, in the case that the infants were uncomfortable, distressed, or colicky, some anthropometric measures were taken only once. Typically, length was measured second-to-last because infants typically disliked this measurement the most, and weight taken last since the mother’s weight was also taken, and she was already being addressed more directly at that time to complete an in-person questionnaire. Other examples of tailored visits include scheduling after feeding and nap times, avoiding scheduling visits the day after infant vaccines, and minimizing the amount of time that infants need to be de-clothed (by waiting to do certain measures until the end) in cases where they are sensitive to cold. Certain individual exceptions to the measurement protocol were also considered. Exceptions could be related to the number of measurements taken at each site (e.g., only taking one or not taking a third measurement when the difference between the first and second exceeded their site-specific threshold) or potentially the omission of certain measurements. 
[bookmark: _Toc172626561]Key Covariates 
Randomized group (intervention) assignment, maternal pre-pregnancy body mass index (BMI), maternal age at baseline, and infant sex were considered potential confounders. Maternal pre-pregnancy body mass index (BMI), maternal age at baseline, and infant sex were obtained from electronic health records. 
[bookmark: _Toc172626562]Exploratory Analyses
All exploratory analyses were generated in SAS Enterprise Guide version 8.1 (60). Descriptive statistics were obtained for maternal and infant characteristics. Fishers exact tests of independence were performed for categorical variables. Mixed effects models were ran using PROC MIXED in SAS (variance components covariance structures to handle unbalanced data) to examine the relationship between late pregnancy activity measures and dependent variables, infant subscapular skinfold thickness (mm) and weight (kg). To account for potential nonlinear relationships in weight and subscapular skinfolds over time, quadratic and cubic terms for study visit were included in the analyses. Due to the limited number of degrees of freedom, no covariates were included in regression models, except for random group assignment for models of the post-intervention pregnancy study visit (i.e., SV2). 
	In addition to the exploratory models for weight and subscapular skinfold thickness, growth trajectories for all anthropometric measurements will be explored using latent growth curves from mixed effects models.
[bookmark: _Toc172626563]Results
A total of 21 participants were enrolled in Project Wellness, with 20 who completed both baseline and post-intervention study visits. One participant experienced malfunctions with her Insight Watch at both study visits. Characteristics of all participants who completed both pregnancy visits with Insight Watch data (N=19), stratified by the mean number of scaled daily MVPA minutes (i.e., 7.8 min/day), are shown in Table 3.1. On average, participants were in their early thirties, had a pre-pregnancy BMI of 25, were enrolled in the study around 30 weeks, completed at least four years of college, identified as White, and gave birth to a male neonate. About half of all the participants were employed full-time. The number of first-time moms (i.e., primipara) differed by scaled daily MVPA - 67% of all participants with less than 7.8 mins/day of MVPA were first-time moms (i.e., primipara), compared to only 37% of all participants who engaged in at least 7.8 min/day (P=0.04).

[bookmark: _Toc172626564]Scheduling Study Visits
Study visit times were prioritized based on participant availability, often scheduled in the evenings when participants were out of work, with flexible start times to accommodate extended nap times, and sometimes at alternate locations that were more convenient for the participants (e.g., a close family member’s home). Most study visits occurred within 0-5 days of the exact infant age milestone, with only a few visits made more than a week outside of the age milestone due to scheduling around major holidays. 
[bookmark: _Toc172626565]Protocol Flexibility
Due to COVID-19 restrictions, two participants were unable to complete their delivery visit (Table 3.2, n=17). Very few individual exceptions to the measurement protocol were made at delivery: 1 protocol exception where a second length measurement was skipped, 1 for when a second waist circumference was skipped, and another for when a third waist circumference was needed, but skipped. Fifteen participants were able to complete their 3-month postpartum study visits and 16 participants were able to contribute at least an infant weight measure (Table 3.2). Two participants did not complete their 3-month study visit due to personal comfort level during peak levels of COVID-19. Two other participants were unable to complete the 3-month follow-up visit due to health reasons. There were 17 total individual exceptions to the measurement protocol at 3-months postpartum, with the most coming from thigh skinfold measurements (n=6), where a third measurement was needed, but not taken. Exceptions were made to the number of measurements taken if the infant displayed signs of emotional and/or physical distress. In these situations, other skinfold measurements, such as the subscapular skinfold site, which may be more clinically meaningful (155, 156), were prioritized over the thigh skinfold measurements.

[bookmark: _Toc172626566]6-, 9- and 12- Month Postpartum Protocol Individual Exceptions
Seventeen participants contributed data at delivery and at 3-, 6-, 9-, and 12- months postpartum. At 6-months the most exceptions were made in the thigh measurements, where a third skinfold measure was not taken at the thigh in 6 instances. At 9-months, 9 individual exceptions were made, 3 of which were because there was only one measurement taken for length, weight, and head circumference. All three single-measures were reported by the same participant as their most recent clinic measures due to an incomplete study visit. At 12-months, there were a total of 12 individual exceptions with 10 of them occurring because only one measurement was taken. These single measurements occurred due to the infant showing signs of emotional distress. 
[bookmark: _Toc172626567]Exploratory Analyses: Mixed Effects Models for Association of Maternal Physical Activity with Subscapular Skinfold Thickness and Weight
In the exploratory mixed effects regression analysis, no statistically significant associations were found for maternal MVPA, LPA, total PA, or SB with infant growth measures, i.e., subscapular skinfold thickness and weight (Table 3.4, appendix). Interestingly, in the models of pregnancy PA/SB at follow-up, randomization (i.e., PA intervention vs Wellness Coaching control) was statistically significant (P<0.05) for subscapular skinfold thickness, where infants of mothers in the control group had a nearly 2 mm greater subscapular skinfold thickness compared to the PA intervention group, controlling for device-based SB, LPA total PA, or MVPA, and study visit timepoint.
 
[bookmark: _Toc171697946][bookmark: _Toc172550937]Table 3.1. Characteristics of Participants from the Project Wellness Pilot Feasibility Randomized Controlled Trial (N=20)
	
	Total
	Scaled MVPA < 7.8 mins
n=12
	Scaled MVPA >= 7.8 mins
n=8
	Fisher’s Exact P-Value

	Age in years, mean (SD)
	32.5 (4.0)
	33.2 (3.5)
	31.6 (4.9)
	-

	Pre-pregnancy BMI in kg/m2, mean (SD)
	25.1 (5.0)
	25.1 (2.8)
	25.1 (7.1)
	-

	GA at Baseline in weeks, mean (SD)
	30.6 (1.7)
	31.1 (1.4)
	29.8 (2.0)
	-

	Married, n (%)
	20 (100)
	12 (100)
	8 (100)
	-

	Education
	
	
	
	0.15

	   Some college, n (%)
	4 (20)
	2 (17)
	2 (25)
	

	   4-year college graduate, n (%)
	6 (30)
	4 (33)
	2 (25)
	

	   Postgraduate degree, n (%)
	10 (50)
	6 (50)
	4 (50)
	

	Employed >= 35 hrs/wk, n (%)
	12 (60)
	8 (40)
	4 (50)
	0.14

	White, n (%)
	17 (85)
	10 (83)
	7 (87)
	0.46

	Primipara, n (%)
	11 (55)
	8 (67)
	3 (37)
	0.04*

	GDM, n (%)
	8 (40)
	6 (50)
	2 (25)
	0.20

	Male neonate, n (%)
	16 (80)
	10 (83)
	6 (75)
	0.11

	*statistically significant P value <0.05, MVPA = moderate to vigorous physical activity, SD = standard deviation, BMI = body mass index, GA = gestational age, GDM = gestational diabetes






[bookmark: _Toc171697947][bookmark: _Toc172550938]Table 3.2. Measurements Taken and Protocol Exceptions at Delivery and Postpartum Study Visits
	Delivery (n=17)
	Length
	Weight
	Circumference
	Skinfold
	Total

	
	
	
	Head
	Arm
	Waist

	Bicep
	Tricep
	Flank
	Thigh
	Subscap
	

	Measurement taken, n 
	17
	17 
	17 
	17 
	17  
	17 
	17 
	17 
	17 
	17 
	170

	   1 measurement
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1

	   2 measurements 
	17
	13
	17
	17
	12
	16
	13
	13
	11
	13
	142

	  3 measurements 
	0
	4
	0
	0
	4
	1
	4
	4
	6
	4
	27

	Protocol Exceptions, n 
	1 
	0
	0
	0
	2
	0
	0
	0
	0
	0
	3

	[bookmark: _Hlk167032373]Only 1 measurement
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1

	Needed a 3rd measure*
	1
	0
	0
	0
	1
	0
	0
	0
	0
	0
	2

	3 months (n=16)
	Length
	Weight
	Circumference
	Skinfold
	Total

	
	
	
	Head
	Arm
	Waist
	Bicep
	Tricep
	Flank
	Thigh
	Subscap
	

	Measurement taken, n 
	15
	16
	15
	15
	15
	15
	15
	15
	15
	15
	150

	   1 measurement
	1
	1
	0
	0
	1
	0
	1
	0
	0
	0
	

	   2 measurements 
	13
	15
	14
	14
	13
	9
	8
	9
	12
	9
	

	   3 measurements 
	1
	0
	1
	1
	1
	6
	6
	6
	3
	6
	

	Protocol Exceptions, n
	1 
	1 
	1 
	0
	2
	2
	1 
	0
	 6
	1
	17

	Only 1 measurement
	1
	1
	0
	0
	1
	0
	1
	0
	0
	0
	4

	Needed a 3rd measure*
	0
	0
	1
	0
	1
	2
	0
	0
	6
	1
	11

	6 months
	Length
	Weight
	Circumference
	Skinfold
	Total

	
	
	
	Head
	Arm
	Waist
	Bicep
	Tricep
	Flank
	Thigh
	Subscap
	

	Measurement taken, n 
	17
	16
	17
	17
	17
	17
	17
	17
	16
	17
	168

	   1 measurement
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	

	   2 measurements 
	17
	16
	15
	16
	16
	12
	13
	13
	12
	15
	

	   3 measurements 
	0
	0
	2
	1
	1
	5
	4
	4
	3
	2
	

	Protocol Exceptions, n
	0
	0
	0
	0
	1 
	1 
	0
	0
	6
	0
	8

	Only 1 measurement 
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	1

	Needed a 3rd measure*
	0
	0
	0
	0
	1
	1
	0
	0
	5
	0
	7


Table 3.2. Continued

	9 months
	Length
	Weight
	Circumference
	Skinfold
	Total

	
	
	
	Head
	Arm
	Waist
	Bicep
	Tricep
	Flank
	Thigh
	Subscap
	

	Measurement taken, n
	16
	16
	16
	15
	15
	15
	15
	15
	15
	15
	153

	   1 measurement 
	1
	1
	1
	0
	0
	0
	0
	0
	0
	0
	

	   2 measurements 
	14
	15
	14
	15
	15
	9
	14
	10
	12
	11
	

	   3 measurements
	1 
	0
	1
	0
	0
	6 
	1
	5
	3
	4
	

	Protocol Exceptions, n
	1
	1
	1
	0
	0
	2
	2 
	0
	2
	0 
	9

	[bookmark: _Hlk167130208]Only 1 measurement 
	1
	1
	1
	0
	0
	0
	0
	0
	0
	0
	3

	Needed a 3rd measure*
	0
	0
	0
	0
	0
	2
	2
	0
	2
	0
	6

	12 months
	Length
	Weight
	Circumferences
	Skinfolds
	Total

	
	
	
	Head
	Arm
	Waist
	Bicep
	Tricep
	Flank
	Thigh
	Subscap
	

	Measurement taken, n 
	15
	16
	16
	16
	16
	16
	16
	16
	16
	16
	160

	1 measurement
	2
	0
	1
	1
	1
	0
	2
	1
	1
	1
	

	2 measurements 
	13
	16
	15
	15
	15
	9
	13
	14
	13
	14
	

	3 measurements
	0
	0
	0
	0
	0
	7
	1
	1
	2
	1
	

	Protocol Exceptions, n
	2 
	0
	1 
	1 
	1 
	1  
	2
	1
	1 
	1
	11

	Only 1 measurement
	2
	0
	1
	1
	1
	0
	2
	1
	1
	1
	10

	Needed a 3rd measure*
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	1

	*Difference between first and second measures exceeded threshold for the specific measurement.



[bookmark: _Toc172626568]Patterns of Growth Over the Course of Infancy
There were statistically significant relationships between quadratic and cubic terms and infant growth measures in all models. Figures 3.1 and 3.2 demonstrate these non-linear patterns of subscapular skinfold thickness and weight growth, respectively, over the first year of life using the models with MVPA (continuous, 10-min units) as the independent variables. Similar patterns of growth were seen in the other models.
	In addition to subscapular skinfold thickness and weight, infant skinfold thickness at the bicep, flank, thigh, and tricep (Figure 3.3, appendix), infant length (Figure 3.4, appendix), and infant head, waist, and arm circumferences (Figure 3.5, appendix) also demonstrated non-linear patterns of growth. All of the skinfold and circumference measures peaked in growth around 6 months (Figures 3.1 and 3.3), whereas weight and length accelerated in growth after 6 months (Figures 3.2 and 3.4). 

[bookmark: _Toc172626569]Discussion
The lessons learned and exploratory analysis described in this study provide valuable feedback and insights on the strategies to maximize retention and obtain high quality data from a challenging population. Of the original 21 participants recruited for this study, 16 participants provided infant anthropometric data from at least 2 timepoints during the first year of life. This is remarkable considering this study took place during the uncertain times of the COVID-19 pandemic. Process measures show that obtaining anthropometric measures at multiple timepoints is feasible for most participants but there are specific areas with weaker protocol adherence. In the thigh measurements that needed a third measure, due to exceeding the difference threshold of 0.5mm, we often opted to forgo the third measure to prioritize other measures in cases where time was limited due to the emotional state of the infant. However, thigh skinfold measurements are typically not as reliable as other measurements (163) and may not be as clinically important in predicting disease risk (164-166). Investigators should plan for potential individual exceptions to protocols by prioritizing measurements that have higher reliability and clinical importance to balance participant retainment and protocol integrity. We recommend starting with skinfold measures, and the order of skinfold measures to start with subscapular and tricep sites, then continue to bicep, then flank, and leave the thigh measure for last. This not only ensures that the data collector is able to focus on clinically significant measures first (before the infant becomes restless), but it may also prevent the need to completely de-clothe a cold infant as the measures are collected from top to bottom, as well as allow the caregiver to hold the infant facing their body at first, which may be more comforting at the start of the visit. 
	In our exploratory analyses of the relationship between late-gestation PA/SB and serial subscapular skinfold thickness and weight during infancy, no statistically significant associations were found. However, there was a statistically significant association between randomization in a PA intervention vs General Wellness intervention and infant subscapular skinfold thickness, where infants whose mothers were in the pregnancy PA intervention had an average subscapular skinfold thickness of about 2mm below that of the infants whose mothers were in the General Wellness intervention. There was also the suggestion of a statistically significant association between group randomization and infant weight, where infants whose mothers were in the General Wellness intervention potentially had 0.6 kg greater body weight than the infants whose mothers were in the PA intervention. These findings are in line with other studies that demonstrate an association between pregnancy PA with reduced adiposity and/or body weight, though previous studies have only reported on one timepoint, and primarily only at delivery. In one randomized control trial of 698 mother-infant pairs (160), participating in a lifestyle intervention (diet and exercise) in pregnancy led to reduced infant subscapular skinfold thickness at 6-months postpartum compared to the usual care arm, but maternal PA was assessed via questionnaire, and only 6-month anthropometric measures were taken. In an observational study in Sweden, which sought to assess the association between maternal device-assessed PA in pregnancy and insulin action and infant body composition between 11-19 weeks old (167), found that total PA was positively correlated with infant fat-free mass [measured using air displacement plethysmography, i.e., the Pea Pod, (r = 0.52; P = 0.037)]. In a prospective cohort study (N=246), higher levels of vigorous/sports PA led to lower infant weight for length scores at one year (only measured at the 1-year timepoint). In three other cohort studies demonstrating an inverse association between pregnancy PA and either neonatal adiposity or birthweight [N=104 (65), N= 213 (159), and N=7,305 (66)] only neonatal body anthropometrics were measured. 
There was also a significant positive association between infant age at study visit and infant growth measures in all models, which reflects the tendency for infant size to increase over the first year of life. The significant association between the quadratic and cubic terms observed for infant age, and infant growth measures, reflects the non-linear patterns of growth over infancy, and is consistent with previous studies. Increases in weight and length tend to slightly decelerate around 6 months of age and accelerate around 10 months (168, 169). Skinfold thickness tends to peak around 6 months, which is in alignment with findings from one study which measured infant skinfold thickness at the same sites at 1, 6, 9, and 12 months of age among appropriate for gestational age and small for gestational age infants (170). These changes in anthropometric measurements across infancy demonstrate the need for serial measurements at multiple ages to better capture relationships between key in utero and infant exposures, and infant adiposity. This data is unique in that it contains device-based PA data, more infant measurement timepoints, and a wider range of pregnancy hyperglycemia (i.e., not just diagnosed GDM), which allow us to explore the relationship between maternal PA/SB and infant growth in more detail than previous studies on pregnancy hyperglycemia. With advances in wearable technology, we can measure PA in pregnancy with high precision, without a significant rise in participant burden, and with minimal staffing needs for measurement attainment. Measurement tools for obtaining infant anthropometrics with the same user acceptability, precision, reduced participant burden, and minimal staffing resources, for use in the large-scale assessments of adiposity growth across infancy are needed. 

Weight measures are widely used in studies examining infant growth  (65, 66, 158-160), but weight alone may not accurately capture metabolic risk in infants. 

Our individual-level data is rich and well-suited to inform future studies performed on a full-scale. The circumstances of COVID-19 posed as a barrier to recruitment, and some of the data collection, but allowed for us to demonstrate the feasibility of collection of clinical data with a strong emphasis on limiting contact with susceptible populations such as pregnant women and infants during the pandemic.  
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[bookmark: _Toc172550948]Figure 3.1. Latent Growth Curve for Infant Subscapular Skinfold Thickness Over the Course of Infancy 
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[bookmark: _Toc172550949]Figure 3.2. Latent Growth Curve for Infant Weight at Over the Course of Infancy

















	
[bookmark: _Toc172626570]Conclusions
This study provides valuable insights and lessons learned related to conducting a longitudinal study examining the associations of late-gestation, device-measured activity in GDM and GGI, and infant anthropometric outcomes. To ensure successful collection of data, future studies should communicate with participants regularly, create alternate strategies for data collection in case of unanticipated events, tailor visits to infant and caregiver needs and preferences, and prioritize measurements with high reliability and clinical significance.
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[bookmark: _Toc171697948][bookmark: _Toc172550939]Table 3.3. Estimates from Mixed Effects Models of Device-Based Activity on Infant Subscapular Skinfold Thickness (mm) and Weight (kg) Across the First Year of Life
	
	
	Baseline (n=16)
	SV2 (n=17)

	Outcome
	Exposure
	
	Estimate
	SE
	P
	
	Estimate
	SE
	P

	Subscapular skinfold (mm)

	SB
	Intercept
	6.821
	1.734
	0.002*
	Intercept
	4.385
	1.581
	0.014*

	
	
	age
	1.769
	0.294
	<.000*
	age
	1.672
	0.285
	<.000*

	
	
	age*age
	-0.223
	0.063
	0.001*
	age*age
	-0.207
	0.061
	0.001*

	
	
	age*age*age
	0.009
	0.003
	0.015*
	age*age*age
	0.008
	0.003
	0.024*

	
	
	SB
	-0.035
	0.030
	0.264
	randomization
	1.952
	0.449
	0.001*

	
	
	
	
	
	
	SB
	-0.040
	0.024
	0.124

	
	LPA
	Intercept
	3.149
	1.373
	0.038*
	Intercept
	0.334
	1.284
	0.798

	
	
	age
	1.763
	0.294
	<.000*
	age
	1.670
	0.285
	<.000*

	
	
	age*age
	-0.223
	0.063
	0.001*
	age*age
	-0.207
	0.061
	0.001*

	
	
	age*age*age
	0.009
	0.003
	0.015*
	age*age*age
	0.008
	0.004
	0.023*

	
	
	LPA
	0.048
	0.037
	0.214
	randomization
	1.881
	0.445
	0.001*

	
	
	
	
	
	
	LPA
	0.052
	0.031
	0.111

	
	Total PA
	Intercept
	3.363
	1.345
	0.026*
	Intercept
	0.383
	1.292
	0.771

	
	
	age
	1.769
	0.294
	<.000*
	age
	1.672
	0.285
	<.000*

	
	
	age*age
	-0.223
	0.063
	0.001*
	age*age
	-0.207
	0.061
	0.001*

	
	
	age*age*age
	0.009
	0.003
	0.015*
	age*age*age
	0.008
	0.003
	0.024*

	
	
	Total PA
	0.035
	0.030
	0.264
	randomization
	1.952
	0.449
	0.000*

	
	
	
	
	
	
	Total PA
	0.040
	0.024
	0.124

	
	MVPA
	Intercept
	4.548
	0.826
	<.000*
	Intercept
	1.565
	1.036
	0.149

	
	
	age
	1.782
	0.294
	<.000*
	age
	1.685
	0.286
	<.000*

	
	
	age*age
	-0.226
	0.063
	0.001*
	age*age
	-0.210
	0.061
	0.001*

	
	
	age*age*age
	0.009
	0.003
	0.014*
	age*age*age
	0.008
	0.003
	0.022*

	
	
	MVPA
	0.040
	0.093
	0.672
	randomization
	1.989
	0.489
	0.001*

	
	
	
	
	
	
	MVPA
	0.060
	0.074
	0.431


Table 3.3 Continued

	Weight (kg)
	SB
	Intercept
	3.728
	1.056
	0.003*
	Intercept
	2.724
	1.176
	0.036

	
	
	age
	1.187
	0.150
	<.000*
	age
	1.205
	0.128
	<.000*

	
	
	age*age
	-0.096
	0.032
	0.004*
	age*age
	-0.095
	0.027
	0.001*

	
	
	age*age*age
	0.004
	0.002
	0.035*
	age*age*age
	0.004
	0.001
	0.020*

	
	
	SB
	-0.007
	0.018
	0.705
	randomization
	0.634
	0.335
	0.079

	
	
	
	
	
	
	SB
	-0.00728
	0.01845
	0.699

	
	LPA
	Intercept
	2.694
	0.779
	0.003*
	Intercept
	1.875
	0.947
	0.067

	
	
	age
	1.183
	0.150
	<.000*
	age
	1.204
	0.128
	<.000*

	
	
	age*age
	-0.095
	0.032
	0.004*
	age*age
	-0.095
	0.027
	0.001*

	
	
	age*age*age
	0.004
	0.002
	0.036*
	age*age*age
	0.004
	0.001
	0.020*

	
	
	LPA
	0.018
	0.021
	0.406
	randomization 
	0.625
	0.331
	0.080

	
	
	
	
	
	
	LPA
	0.013
	0.022
	0.588

	
	Total PA
	Intercept
	3.071
	0.835
	0.002*
	Intercept
	1.995
	0.959
	0.056

	
	
	age
	1.203
	0.129
	<.000*
	age
	1.205
	0.128
	<.000*

	
	
	age*age
	-0.094
	0.027
	0.001*
	age*age
	-0.095
	0.027
	0.001*

	
	
	age*age*age
	0.004
	0.001
	0.020*
	age*age*age
	0.004
	0.001
	0.020*

	
	
	Total PA
	0.004
	0.020
	0.853
	randomization
	0.634
	0.335
	0.079

	
	
	
	
	
	
	Total PA
	0.007
	0.018
	0.699

	
	MVPA
	Intercept
	3.678
	0.460
	<.000*
	Intercept
	2.371
	0.696
	0.004*

	
	
	age
	1.184
	0.150
	<.000*
	age
	1.205
	0.128
	<.000*

	
	
	age*age
	-0.096
	0.032
	0.004*
	age*age
	-0.094
	0.027
	0.001*

	
	
	age*age*age
	0.004
	0.002
	0.036*
	age*age*age
	0.003
	0.001
	0.020*

	
	
	MVPA
	-0.046
	0.052
	0.393
	randomization
	0.610
	0.343
	0.096

	
	
	
	
	
	
	MVPA
	-0.007
	0.051
	0.893

	SV2 = Study Visit 2 (post-intervention); SB = sedentary behavior; LPA = light physical activity; Total PA = total physical activity; MVPA = moderate to vigorous physical activity
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[bookmark: _Toc172550950]Figure 3.3. Latent Growth Curves for Infant a) Flank, b) Thigh, c) Bicep, and d) Tricep Skinfold Thickness (mm) Over the Course of Infancy.
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[bookmark: _Toc172550951]Figure 3.4. Latent Growth Curve for Infant Length Over the Course of Infancy.
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[bookmark: _Toc172550952]Figure 3.5. Latent Growth Trajectories of a) Head Circumference, b) Waist Circumference, and c) Arm Circumference Over the Course of Infancy
[bookmark: _Toc172626572]CONCLUSION

This dissertation represents a significant contribution to the understanding of physical activity (PA) and sedentary behavior among pregnant and postpartum individuals, and their implications for maternal and infant health outcomes. Through the integration of ActiGraph devices, clinical measures, and survey responses at several timepoints, this research has provided valuable insights into the multifaceted dynamics influencing maternal well-being during critical phases of pregnancy and postpartum. By employing mixed effects modeling techniques, the study elucidates the complex interplay between lifestyle behaviors and health outcomes, including gestational glucose levels, postpartum sleep patterns, and infant adiposity.
The findings from this dissertation underscore the importance of PA in maternal health, particularly in managing gestational diabetes and promoting postpartum sleep quality. While data was underpowered to identify an association between moderate to vigorous physical activity (MVPA) and nocturnal glucose regulation, daytime MVPA was shown to have a potential role in improving the respective? night’s sleep quality in postpartum. Moreover, the exploration of late-pregnancy PA, and its relationship with infant growth and adiposity, provides valuable insights into potential avenues for future studies.
Despite challenges, such as those posed by the COVID-19 pandemic, this research demonstrates the feasibility of conducting longitudinal studies on maternal PA and infant health. However, the need for larger sample sizes to fully elucidate the complex interplay between maternal behaviors during pregnancy and infant health outcomes is emphasized. Moving forward, this dissertation lays the groundwork for the development of larger longitudinal studies with serial measurements and targeted interventions aimed at optimizing outcomes for both mothers and infants, thus advancing the fields of maternal health and epidemiology.
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