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Abstract

Objective: To study the feasibility of home-based assessment of sleep disordered breathing 

(SDB) on early pregnancy success after in vitro fertilization with novel wearable sensors.

Design: Prospective observational study.

Setting: Patients 18 to 45 years old undergoing autologous IVF at an academic infertility center.

Patients: 30 women (24–44 years old)

Intervention: Participants provided medical history, completed sleep surveys, and a single night 

of home sleep monitoring prior to IVF with a novel, FDA-cleared wireless sensor system (ANNE® 

Sleep, Sibel Health), to collect continuous measurements of heart rate, respiratory rate, pulse 

oxygenation, respiratory effort/snoring, peripheral arterial tonometry, pulse arrival time, and pulse 

transit time, an accepted surrogate of continuous blood pressure generated by pulse arrival time 

and pulse transit time. Sleep nights were reviewed to derive the apnea hypopnea index (AHI), 

defined as the average number of apnea or hypopnea events per hour. An AHI of greater than or 

equal to 5 events/hour was considered abnormal.
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Main outcome measure: Rate of clinical pregnancy (defined as intrauterine gestational sac 

with a yolk sac) after IVF. Logistic regression models were used to estimate the unadjusted and 

adjusted odds ratio.

Results: The overall rate of sleep disordered breathing of any severity was 57%. Participants 

with SDB had a mean AHI of 13.4 compared to 2.7 events/hr (p<0.01), were younger, and more 

likely to have polycystic ovary syndrome. Of the 29 patients undergoing an embryo transfer, 

clinical pregnancy and livebirth occurred in 35% of women with SDB compared to 58% without 

SDB (p = 0.22). After adjusting for age, SDB reduced pregnancy rates but was not statistically 

significant (aOR 0.23, 95% CI: 0.04–1.5, p = 0.12). Though polycystic ovary syndrome was 

associated with higher rates of SDB it was not independently associated with lower pregnancy 

rates.

Conclusion: Screening for sleep disordered breathing using home-based wireless, wearable 

sensors was well accepted and easily performed by infertile patients in this cohort. Sleep 

disordered breathing of any severity was associated with an 77% (95% CI: 0.08–1.8) lower 

likelihood of clinical pregnancy and live birth independent of underlying diagnosis. Future larger 

studies will be needed to understand the role of sleep disordered breathing and IVF outcomes.
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1. Introduction

Sleep disordered breathing (SDB), caused by increased upper airway resistance, affects 5% 

of all adult women [1]. Once narrowly considered a disease of older, overweight men, a 

more inclusive understanding of SDB risk has recently emerged. Nearly one third of women 

with polycystic ovary syndrome (PCOS), for example, have SDB. The elevated risk among 

PCOS patients appears independent of underlying weight, a common risk factor for SDB 

[2].

Airway dysfunction causes autonomic nervous system dysregulation, sleep fragmentation, 

insulin resistance, systemic inflammation, oxidative stress, and vascular endothelial 

dysfunction [3]. These physiologic changes contribute to cardiovascular disease, metabolic 

disorders, motor vehicle accidents, and mood disorders [4–7]. The effects of SDB 

on early reproductive outcomes, including fertility, fecundity, and conception are not 

well understood and the majority of studies disproportionately address complications of 

established pregnancies, fetal or neonatal outcomes [8,9].

Despite efforts to optimize periconceptional health, such as tobacco use, obesity, or diabetes, 

routine screening for sleep pathology in the infertility clinic is uncommon. The paucity of 

both research and screening for SDB and reproduction is likely a reflection of logistical 

challenges to objectively studying sleep. Polysomnography (PSG), performed overnight at a 

certified sleep center, is currently the gold standard for diagnosing SDB. The geographical 

distribution of accredited centers varies considerably, perpetuating unequal accessibility 

and long appointment wait times [10]. Furthermore, the on-going COVID-19 pandemic 
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has significantly disrupted the landscape of sleep diagnostics, prioritizing efforts to expand 

home-based screening options to minimize patient and provider exposure [11 ]. Current 

home sleep apnea tests (HSATs) are bulky, uncomfortable, and failure rates ranging from 

2% to 33% [12–17]. Though proper patient training and correct placement may mitigate 

technical HSAT failures, there remains a need for new home-based diagnostic tools for SDB 

that improve comfort, lower cost, and equivalent accuracy to existing systems.

Advances in soft and flexible electronics have enabled a wide range of biomedical 

applications including comprehensive, continuous ICU-grade monitoring and mechanical 

imperceptibility that collectively improve home-based SDB screening and diagnosis. 

Previous reports validated the performance of an FDA-cleared physiological monitoring 

system against gold standard monitoring platforms [18–23]. The primary objective of this 

pilot study was to assess the feasibility of these advanced wearable sensors to assess 

the prevalence of SDB in an all comer infertile patient population undergoing in vitro 

fertilization (IVF) and quantify any differences in clinical pregnancy and livebirth rates after 

treatment among women exposed to SDB.

2. Material and methods

2.1. Study participants

Patients undergoing autologous IVF were eligible for this prospective observational cohort 

study. Individuals between the ages of 18 to 45 years old, with any primary infertility 

diagnosis were eligible, including those utilizing preimplantation genetic testing (PGT). 

Long-term oocyte, embryo banking, donor oocyte/embryo, or gestational carrier cycles 

were excluded. Individuals with SDB currently receiving treatment with either a continuous 

positive airway pressure (CPAP) machine or an intraoral device were also excluded.

Patients were enrolled and underwent the sleep study prior to initiation of injectable 

gonadotropins in the luteal phase. All participants signed written informed consent prior to 

enrollment. This study was approved by the University of Pennsylvania Institutional Review 

Board (Protocol #842992).

2.2. Primary exposure

The primary exposure of interest was sleep disordered breathing, defined by an apnea 

hypopnea index (AHI) greater than or equal to 5. AHI is the average number of apnea or 

hypopnea events per hour with a pulse oxygen desaturation of at least 3% lasting for at least 

10 s, in accordance with clinical guidelines of the American Academy of Sleep Medicine 

(AASM) [24]. An AHI less than 5 events/hour is considered normal. An AHI between 5 

and 15 events/hour is indicative of mild disease; an AHI between 15 and 30 events/hour is 

moderate disease, and 30 or more events/hour is severe disease. In this cohort, any elevation 

of AHI more than 5 events/hour was categorized as a positive exposure [24].

AHI was determined by a single home-based night of sleep monitoring using an FDA-

approved, wireless two sensor system (ANNE One, Sibel Health) for both general 

physiological monitoring and diagnosis of sleep disordered breathing (K220095). In a 
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multicenter study of 225 patients, the ANNE ® sensors achieved 90% sensitivity 98% 

specificity for detection of moderate and severe sleep disordered breathing compared to 

the gold standard PSG [25]. Additionally, prior performance of the system showed a high 

level of accuracy (94%) versus a standard Type III home sleep apnea in a high-risk SDB 

population [22]. One sensor was located at the suprasternal notch and the second on the 

index finger (Fig. 1). The chest unit measured heart rate, respiratory rate, chest wall 

movement, snoring, abnormal respiratory sounds, seismocardiography, body position, and 

core body temperature continuously. The limb unit measured oxygen saturation (SpO2), 

peripheral temperature, peripheral arterial tonometry (PAT), a well-established method of 

identifying apnea and hypopnea associated with SDB [12,26]. Time synchronization of 

the chest and limb units generated pulse transit time (PTT) providing surrogate markers 

of blood pressure [21,22,27,28]. Each night was independently scored by two reviewers 

and discrepancies were adjudicated by a third reviewer. All reviewers were blinded to 

subject characteristics and outcomes. Scorers manually reviewed multiple channel outputs 

from the sensors, including chest wall movement, peripheral arterial tonometry (PAT) for 

an attenuated signal, SpO2, heart rate, and snoring in accordance with instructions in the 

ANNE® Manual and manufacturing guidelines.

Participants refrained from caffeine, alcohol, and napping for 8 h prior to going to bed and 

any use of sleep aids. The monitored sleep night was performed in the week preceding IVF 

stimulation to avoid any effects from exogenous hormones on the sleep study and perceived 

ill effects of wearing the sleep sensors on cycle stimulation or pregnancy outcome and 

have as accurate a reflection of sleep as possible. Following completion of the night of 

sleep monitoring, subjects completed a System Usability Scale (SUS) with respect to their 

experience using the sensors.

2.3. Covariates

Sociodemographic information including age, gender, race/ethnicity, and education level, 

habits (previous and current tobacco, vaping, or alcohol use), past medical and obstetrical 

history were collected. Participants completed a battery of baseline sleep questionnaires. 

The STOP-BANG questionnaire identified obstructive sleep apnea risk (range 0–8), with 

a score of 3 or more predicting moderate sleep apnea with 93% sensitivity [29]. The 

Epworth Sleepiness Survey (ESS) assessed daytime somnolence [30]; scores (range 0–24) 

greater than 10 were considered abnormal levels of daytime sleepiness. The Pittsburgh Sleep 

Quality Index (PSQI) assessed global sleep quality. Scores range from 0 to 21 and a score 

greater than or equal to 5 is indicative of poor sleep quality. The Insomnia Severity Index 

(ISI) identified evidence of clinically significant insomnia with scores ranging from 0 to 28. 

Scores between 8 and 14 are considered subclinical insomnia, while scores 15 or greater 

suggest moderate to severe insomnia [31]. Height and weight were also measured.

Patients underwent IVF stimulation per standard of clinical care and discretion of their 

reproductive endocrinologist after completion of the monitored sleep night and surveys. 

Additional variables from the IVF cycle, including protocol type, length of stimulation, total 

amount of gonadotropins required, day and type of trigger, peak estrogen levels, endometrial 

thickness and endometrial stripe pattern were noted. The type of transfer (fresh versus 
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frozen), day 3 versus day 5 blastocyst transfer, number and grade of embryos transferred 

were recorded.

2.4. Outcome

The primary outcome of interest was clinical pregnancy after in vitro fertilization. Clinical 

pregnancy was defined as an intrauterine gestational sac with a yolk sac. Additional 

pregnancy outcomes including the initial level of human chorionic gonadotropin (HCG) 

measured 10 days after embryo transfer. Embryology outcomes including total number 

of oocytes retrieved at the time of ultrasound-guided oocyte retrieval, number of mature 

oocytes (MII), fertilization rate, number and grade of blastocysts were collected.

2.5. Statistical analysis

Participant baseline characteristics, IVF cycle parameters, embryology, and early pregnancy 

outcomes were compared between patients with and without exposure to sleep disordered 

breathing. Continuous variables were compared using Student’s t-test or Mann-Whitney 

U test as appropriate, while x2 or Fisher’s exact tests were used to compare categorical 

variables among those participants with or without sleep disordered breathing. The risk 

difference, unadjusted and adjusted risk ratio, and odds ratio were directly calculated.

Multivariable logistic regression was used to further evaluate the association between 

achievement of a clinical pregnancy and sleep disordered breathing, while adjusting for 

relevant confounders. The covariates in the final model included age. Other potential 

covariates were tested, including BMI, diagnosis of polycystic ovary syndrome, type of 

embryo transfer (fresh transfer performed immediately after an oocyte retrieval versus 

frozen transfer of a thawed cryopreserved embryo), day 3 versus day 5 blastocyst transfer, 

number and grade of embryos transferred, use of preimplantation genetic testing, and prior 

parity. Given the small sample size, our intention was to generate the most parsimonious 

model to avoid overfitting the regression model. None of the tested covariates meet our 

pre-determined threshold for inclusion in the analysis of changing the odds ratio by at least 

10%.

All statistical analyses were performed with STATA version 15.1 (Stata-Corp).

3. Results

A total of 30 subjects were recruited from an academic fertility center between July 30th, 

2020 to March 1st, 2021. Overall, the mean age was 33 years old (SD 4.6). The cohort 

was diverse with 77% self-identifying as White, 17% as Black and 7% as Asian. Overall, 

40% of participants were diagnosed with unexplained infertility, 27% with polycystic ovary 

syndrome, 20% with male factor, and 7% with diminished ovarian reserve. All participants 

completed baseline surveys and the monitored sleep night, but one patient never had an 

embryo transfer.

The prevalence of sleep disordered breathing (AHI ≥ 5 events/hour) was 57% among the 

entire cohort with an average AHI of 8.7 (95% CI 6.02 to 11.4) events per hour. Among 

those with sleep disordered breathing, 37% (n = 11) had mild, 13% had moderate (n = 5) 
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and 3% (n = 1) had severe SDB based on AHI cutoffs. Self-reported sleep pathology was 

also prevalent. Overall, 10% (n = 3) of participants reported an abnormal level of daytime 

somnolence, 63% (n = 19) reported poor sleep quality (PSQI score greater than or equal to 

5), and 43% (n = 13) of participants had at least subclinical insomnia, while 7% (n = 2) had 

moderate to severe insomnia.

Baseline patient characteristics were compared between those women with and without 

SDB. Women with sleep disordered breathing (AHI ≥ 5 events/hour) were younger (31.4 

vs 35.4 years old, p = 0.02) (Table 1). There was not a statistically significant difference 

in BMI between the two groups, though unexpectedly the mean BMI was lower in the 

group with sleep disordered breathing (28.0 vs 31.6 kg/m2, p = 0.17). Rates of hypertensive 

disorders, depression, anxiety, and current alcohol, tobacco, or vaping use did not differ 

between groups. Women with sleep disordered breathing were more likely to carry a primary 

infertility diagnosis of PCOS (41% vs 8%, p = 0.04). Antral follicle count was higher in the 

sleep disordered breathing group (26 vs 18, p = 0.04).

Total days of stimulation, total amount of gonadotropins received, and peak estradiol did not 

differ between groups. Though not statistically significant, women with sleep disordered 

breathing on average had fewer oocytes retrieved, lower fertilization rates and fewer 

embryos following their cycle. There were no differences in the proportion of patients 

undergoing a day 3 or day 5 embryos transfer or total number of embryos transferred. Only 

2 patients in the cohort utilized preimplantation genetic testing.

Sleep surveys mean score or proportion with abnormal scores did not differ significantly 

between the two groups (Table 2). The experimental sensors successfully collected high-

quality data on all patients with total mean observation data points of 30,000. The average 

AHI in the sleep disordered breathing group was 13.4 events/hour (95% CI: 10 to 16.8) 

versus 2.7 events/hour (95% CI: 2.05 to 3.35) (p < 0.001).

Among the 29 patients undergoing an embryo transfer, a smaller proportion of women with 

sleep disordered breathing achieved a clinical pregnancy (35% vs 58%, p = 0.22) (Table 

3). When further stratifying by normal (AHI <5 events/hour), mild (5–15 events/hour), and 

moderate to severe (at least 15 events/hour), the proportion of patients achieving a clinical 

pregnancy was 58% (n = 7 of 12) versus 36% (n = 4 of 11) versus 33% (n = 2 of 6) 

respectively.

The overall unadjusted risk difference of achieving a clinical pregnancy in the setting of 

concurrent sleep disordered breathing was −0.23 (95% CI: −0.59, 0.13). The unadjusted 

risk ratio was 0.60 (95% CI: 0.27–1.35) and the odds ratio was 0.39 (95% CI: 0.09 to 

1.78). Logistic regression was used to further characterize the relationship between rate of 

achieving a clinical pregnancy and sleep disordered breathing. After adjusting for age, sleep 

disordered breathing was not significantly associated with likelihood of achieving a clinical 

pregnancy, adjusted OR of 0.23 (95% CI: 0.04–1.5, p = 0.12).

All patients achieving a clinical pregnancy went on to have a live birth. Overall, 5 

pregnancies were complicated by hypertensive disorders of pregnancy and 2 patients 

delivered prematurely.
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Sleep disordered breathing was more commonly encountered among patients with PCOS 

(87.5% versus 45.5%, p = 0.04), but PCOS was not associated with reduced pregnancy rates

—thus not meeting the statistical criteria for a confounder. Even when stratifying the sample 

based on PCOS diagnosis and adjusting for it in the regression model, the association of 

adverse outcome with SDB exposure persisted independent of PCOS (Mantel-Haenszel Test: 

OR 0.34 (95% CI: 0.06–2.00, 2 = 1.58, p = 0.47 and test of homogeneity 2 = 0.53, p = 0.21).

The sensor system scored favorably among users with the average SUS score reported as 

75.4 (SD 14). A score over 68 is considered above average [32].

4. Discussion

This is the first prospective study to investigate the relationship between SDB and early 

pregnancy outcomes in an IVF population. Overall, this study suggests a high rate of 

self-reported and objective evidence of sleep pathology in this patient population. The 

presence of SDB was high in this cohort—57% (n = 17 out of 30 subjects studied). This 

pilot study provides preliminary evidence that SDB of any severity is a negative risk factor 

for clinical pregnancy with a possible trend towards worsening pregnancy outcomes with 

more severe SDB. This effect appears to be potentially large with the likelihood of achieving 

a clinical pregnancy reduced by 84% with SDB of any severity when adjusted for the 

age. Additionally, though PCOS appeared to be a risk factor for the presence of sleep 

disordered breathing, abnormal breathing remained detrimental independent of underlying 

fertility diagnosis. This is particularly critical because even among patients with ovulatory 

dysfunction known to have an increased risk of SDB, expert consensus currently does not 

recommend treatment for SDB if the patient is asymptomatic [33]. Studies that demonstrate 

a potential adverse impact on early pregnancy could challenge this recommendation.

An unexpected observation of the cohort was that age and BMI were lower in the group of 

patients with SDB. This finding is possibly driven by the patients in the cohort with PCOS, 

who may be accessing reproductive care at a younger age due to their underlying diagnosis 

and have higher rates of SDB independent of BMI. These findings underscore the need for 

future research in the reproductive age population to challenge historically common risk 

factors (older age and elevated BMI), that may be less relevant among patients with other 

predisposing conditions, such as the hyperandrogenism of PCOS.

SDB may be associated with adverse early pregnancy rates given increases in stress, fatigue, 

overnight hypoxemia and systemic inflammation [3]. Future studies will be required to 

further explore the phenotype of infertility patients with sleep disordered breathing to 

facilitate expedited diagnosis and treatment. Additionally, understanding the implications of 

preexisting dysfunctional breathing on the course of fertility treatments and pregnancy will 

be critical. More extensive preliminary studies will inform future interventional, randomized 

controlled trials, to study if treating SDB with either intraoral devices or continuous positive 

airway pressure, improves clinical pregnancy rates and pregnancy outcomes. These studies 

will also help to determine an age-specific, and population-derived pathogenic level of sleep 

disordered breathing for fertility. It remains to be understood if an AHI of greater than or 

equal to 5 events per hour is the most appropriate cut off for reproductive age individuals 
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attempting pregnancy, or if there is a different threshold, or dose-dependent relationship 

between dysfunctional breathing, lower fertility rates, and adverse pregnancy outcomes.

Furthermore, we demonstrate the utility of advanced wearable sensor technology that 

enables sleep diagnosis in a patient’s home setting reducing access barriers and mitigating 

potential COVID-19 exposure. The unique design of the experimental system allows for 

mechanical deformation with natural body movement and lower skin contact stress enabling 

high fidelity monitoring and comfort [19]. In addition, the low-profile nature and placement 

of the experimental chest unit mounted on the suprasternal notch allows for prone sleeping 

positions unlike most existing home sleep testing systems with large central processing units 

affixed to the front of the chest. The ability of the experimental system to allow for more 

natural sleeping positions and automatically determine body position over a sleep night may 

reflect a more accurate assessment of AHI that patients may be more willing to use.

There are several limitations that should be discussed. First, this study was not designed to 

find a hypothesized effect on pregnancy rate and the sample size was small. However, an 

association was demonstrated. The strength of the association can be assessed and confirmed 

in future larger studies. Additionally, our study was a sample of convenience. The findings 

may not be generalizable to other populations. Our cohort was too small to assess variable 

outcomes in different subgroups. Additionally, the study was not powered to evaluate any 

potential interactions between insomnia, sleep disordered breathing, and the establishment 

of pregnancy which will be essential given high observed rates of subclinical insomnia. 

Further studies will be needed to confirm the presence of a differential association or 

effect modification based on underlying patient characteristics, such as infertility diagnosis, 

or race/ethnicity. Third, this is a single-site study which limits broader generalizability. 

However, the study did include a diverse patient population. The presented data do not 

address potential causality. The underlying mechanism and temporality of how disordered 

sleep may influence IVF success were not assessed and warrant additional exploration. 

Finally, while this sensor system is FDA-cleared for the diagnosis of SDB, its validation 

was performed in a patient population with an expected higher baseline risk of SDB and 

its positive predictive value may be reduced in a patient population with a lower underlying 

prevalence of disease, particularly given such a large proportion of patients demonstrating 

some evidence of SDB. In validation studies, the diagnostic performance of ANNE® Sleep 

compared to polysomnography for any evidence of SDB (AHI>5 events/hr) demonstrated 

a sensitivity of 96% (95% CI 92–99%) and a specificity of 86% (77%–92%). However, 

given the lack of studies of the underlying rates of SDB among infertile patients, it is 

possible that infertility is actually a signal of dysfunctional breathing and the true rate of 

SDB among infertile patients may be profoundly elevated, particularly those requiring the 

most aggressive available treatment of IVF.

Given the high prevalence of SDB in the infertile population and the limited number of 

modifiable risk factors to improve pregnancy outcomes in IVF, the ability to increase the 

chances for successful pregnancy by treating SDB via well accepted therapeutic modalities 

such as continuous positive airway pressure therapy is highly attractive. There is a need 

for larger prospective, inclusive cohort studies to confirm the findings of this pilot study. 

If proven, therapeutic interventional trials may demonstrate that treating SDB in this 
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population will lead directly to improved pregnancy outcomes as well as long term maternal 

health benefits.

5. Conclusion

This single-arm, prospective, observational pilot study provides preliminary evidence that 

SDB is prevalent and may be a risk factor for treatment failure in an IVF population. By 

leveraging a novel sensor system, women undergoing IVF were able to successfully use the 

system overnight at home with a high degree of comfort. Thus, SDB may represent a new 

modifiable risk factor for infertility patients. The opportunity to intervene by treating SDB in 

this population may improve early pregnancy rates and IVF success warranting the need for 

larger confirmatory and interventional studies.
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Fig. 1. 
Wireless, non-invasive sensor system used for sleep monitoring and example output.

Panel A Figure demonstrating the appearance, location, and biometric parameters obtained 

by the wireless chest and limb units. Panel B demonstrates an example output of the sleep 

night data with desaturation episodes, followed by bradycardia, and concurrent irregularities 

in the peripheral arterial tonometry.
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