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Abstract

We examined the relationships between sleep and inflammatory biomarkers during late pregnancy. 

Seventy-four women underwent an overnight sleep assessment by polysomnography. Blood 

samples were collected before bedtime and again within 1 h upon awakening to measure C-

reactive protein (CRP), interleukin (IL)-6, and IL-6 soluble receptor. Sleep parameters included 

variables characterizing sleep architecture and sleep continuity. The participants were 32.2 (SD = 

4.1) years old and the average gestational age was 32.8 (3.5) weeks. Controlling for covariates, 

evening CRP was negatively associated with N3 sleep (β = −0.30, P = 0.010). N3 sleep was also 

negatively associated with morning CRP (β = −0.26, P = 0.036), with a higher percentage of N3 

sleep associated with a lower level of morning CRP. Contrarily, there was a tendency for a positive 

association between stage N2 sleep and morning CRP (β = 0.23, P = 0.065). Stage N1 sleep was 

associated with morning IL-6 (β = 0.28, P = 0.021), with a higher percentage of N1 sleep 

associated with a higher morning IL-6. No significant associations were found between morning 

inflammatory biomarkers and sleep continuity parameters. In conclusion, increased light sleep was 

associated with increased inflammatory biomarkers, whereas more deep sleep was associated with 

decreased inflammatory biomarkers. These findings further support the interactions between sleep 

and the immune system during late pregnancy.
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continuity parameters. In conclusion, increased light sleep was associated with increased 

inflammatory biomarkers, whereas more deep sleep was associated with decreased inflammatory 

biomarkers. These findings further support the interactions between sleep and the immune system 

during late pregnancy.
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Introduction

Maternal sleep during pregnancy can affect many metabolic, neurological, and immune 

functions that are critical to maintaining a healthy pregnancy and fetal growth. Pregnant 

women frequently experience various sleep disturbances due to pregnancy-related hormonal 

changes and frequent nocturia.1 These disturbances include self-reported poor sleep quality 

and short sleep duration2, 3 Objective assessment by the gold standard of polysomnography 

(PSG) also supports those findings and suggests that compared with nonpregnant women, 

pregnant women have lower sleep efficiency and more sleep fragmentation.4 Using PSG for 

assessing sleep architecture, sleep can be classified into rapid eye movement (REM) sleep 

and nonrapid eye movement (NREM) stages N1, N2, and N3 sleep. Stage N1 sleep is an 

intermediate stage between wakefulness and sleep. Stage N2, characterized by the 

occurrence of spindles and K-complex, progresses into Stage N3 sleep. Both stage N1 and 

N2 sleep are lighter stages of sleep. Stage N3 sleep, also known as slow-wave sleep (SWS), 

is an important sleep stage during which the body is restored and immune functions are 

promoted.5 SWS is characterized by high-voltage slow waves with a frequency range of 1–4 

Hz.6 Pregnant women typically experience changes in sleep architecture, including increased 

superficial sleep (stage N1 and N2 sleep), decreased deep sleep (stage N3 sleep), and REM 

sleep.1, 4, 7, 8 These changes are more evident during late pregnancy8 and have been related 

to various maternal-fetal outcomes (e.g., gestational diabetes, altered growth, and gestational 

length of the fetus),9, 10 which may be mediated by several pathways, including the immune 

system.11–13

During pregnancy, there are selective pro- and anti-inflammatory conditions depending on 

the stage of gestation.14 Overall, the altered immunologic profile could maintain a balance 

between the pro- and anti-inflammatory processes to achieve normal gestation and delivery.
13, 15 Compared with nonpregnant women, pregnant women experience greater systemic 

inflammation, characterized by an increased level of C-reactive protein (CRP).16 CRP has 

been associated with pregnancy-related outcomes, such as lower birthweight and 

preeclampsia.17, 18 A recent prospective study19 also reported that increased CRP level in 

early pregnancy was related to the risk of GDM at 24–28 weeks of gestation. More 

alarmingly, the risk of GDM in women with the highest level of CRP was three times higher 

than that of women with the lowest level of CRP. Another important proinflammatory 

cytokine relevant to pregnancy is interleukin (IL)-6,13 which has been the most investigated 

cytokines for preterm birth.20 An elevated serum concentration of IL-6 was reported as a risk 

factor for preterm birth.21 Based on the above evidence, pregnant women experience 
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changes in both sleep and the immune system; however, how changes in sleep interact with 

the inflammation process in this population remains to be determined. Prior studies have 

been focused primarily on nonpregnant women. In midlife women, lower sleep efficiency 

and short sleep have been associated with higher inflammatory biomarkers (e.g., IL-6 and 

CRP).22, 23 According to a meta-analysis, subjective sleep disturbance was related to higher 

levels of CRP and IL-6.24 One study was conducted in late pregnancy and found that 

subjective sleep disturbance was related to increased circulating IL-6.12 Collectively, there is 

a need to investigate the relationship between sleep architecture and inflammation in 

pregnant women.

The relationship between sleep and inflammation seems to be reciprocal.25–27 On the one 

hand, changes in immune function could impact sleep depth, with both somnogenic and 

sleep-inhibitory effects.28, 29 On the other hand, sleep, particularly deep sleep, may restore 

and promote immune functions.5 Empirical evidence from humans revealed that IL-6 could 

enhance stage N3 sleep30 and enhanced stage N3 sleep may decrease IL-6 concentrations.25 

Based on the above evidence, we hypothesized that proinflammatory cytokines before sleep 

were associated with sleep stages (N1, N2, and N3) differentially; and sleep stages, in turn, 

were associated with proinflammatory cytokines the next morning. To test these hypotheses, 

we obtained objective sleep parameters using PSG. We measured the plasma cytokines twice 

(CRP, IL-6, and soluble IL-6 receptor (sIL-6R)), once before sleep and then once in the 

morning upon awakening. We tested the associations in a group of pregnant women while 

controlling for potential confounders.

Materials and methods

Design and sample

Data were collected in a case-control study of sleep-related determinants of GDM. Women 

between 24 and 36 weeks of pregnancy were recruited from the obstetric clinic at the 

Medical Center of the University of Illinois at Chicago (UIC). The exclusion criteria were: 

(1) unable to read and write in English; (2) had been diagnosed with either a sleep disorder 

(e.g., insomnia or OSA), diabetes, or GDM (all based on their medical charts); (3) had a 

diagnosis of neurological or psychiatric disorder; (4) excessive alcohol intake (≥30 g/day) or 

illegal drug use (self-report and medical charts); (5) had a previous history of preterm 

delivery or other pregnancy health issues (e.g., small-for-gestational-age infant, 

preeclampsia, placental abruption, and neonatal death). These adverse outcomes may 

increase the risk of subsequent preterm birth;31 and (6) refusal to have an overnight sleep 

study. A total of 87 women were included in this study and 13 women withdrew or were lost 

to follow-up. Thus, the final sample size was 74 and included 38 women with GDM based 

on an oral glucose tolerance test. In the cases of GDM, eligible women with newly 

diagnosed GDM were recruited to the study. GDM diagnosis was based on the following 

criteria32: (1) Glucose challenge test ≥140 mg/dL with two or more abnormal values on 3-h 

oral glucose tolerance testing (OGTT) (OGTT: ≥95 mg/dL at baseline, ≥180 mg/dL at 1 h, 

≥155 mg/dL at 2 h, or ≥140 mg/dL at 3 h) or (2) nonfasting 50-g OGTT≥200 mg/dL if no 

fasting 3-h OGTT was performed.
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Procedures and measurements

The study was approved by the Institutional Review Board of UIC (protocol number 2014–

0485). Women who agreed to participate provided informed consent. All participants 

underwent an overnight sleep assessment by PSG at the UIC Sleep Science Center. During 

the overnight visit, the participants completed a battery of self-report questionnaires about 

their demographics, sleep, and depression. Depression was measured using Patient Health 

Questionnaire-9 (PHQ-9). Scores of 5, 10, 15, and 20 indicate mild, moderate, moderately 

severe, and severe depressive symptoms, respectively.33 We also obtained self-reported 

information about the use of prescribed medications, such as blood pressure medication, 

antihistamine or decongestant, thyroid medication, or tranquilizer.

Both IL-6 and CRP demonstrate circadian rhythm. IL-6 peaked at awakening, gradually 

declined during the daytime, and peaked again before sleep.34 Plasma CRP also exhibited a 

biphasic pattern.35 In this study, all participants provided blood samples for the evaluation of 

inflammatory biomarkers, including CRP, IL-6, and sIL-6R, before and after the overnight 

PSG assessment. The evening blood sample was collected 1 h before the participants’ usual 

bedtime. The morning blood sample was collected within 1 h upon awakening at a fasting 

state. This sampling technique was consistent with previous studies.25, 36

Demographic and clinical measures

We obtained demographic and anthropometric measures during the baseline evaluation using 

self-report questionnaires (e.g., maternal age, race/ethnicity, employment status, smoking 

status, work schedule, and prepregnancy weight). Neck circumference was measured twice 

at the level of the superior border of the cricothyroid cartilage while participants were in the 

seated position. The average of the two assessments was used. The pregnancy body mass 

index (BMI) at the 3rd trimester was calculated from weight and height measured during the 

visit to Sleep Science Center using an upright scale and wall-mounted stadiometer, 

respectively.

Objective sleep parameters

Objective sleep parameters were measured by overnight PSG recording during the woman’s 

self-reported normal sleep period. PSG (Alice5, Respironics) included 

electroencephalogram (EEG: central, occipital leads), electrooculogram, submental and 

anterior tibialis electromyograms, single bipolar electrocardiogram, finger pulse oximetry, 

oronasal thermistor, and nasal-cannula pressure transducer, thoracoabdominal belts (piezo 

crystals), and snoring and body position sensors37. Two trained sleep technologists scored 

sleep recordings using standard criteria38 for REM sleep and NREM sleep (stage N1, N2, 

and N3 sleep). Sleep continuity variables included sleep duration, sleep efficiency (used as a 

proxy for sleep quality), wake after sleep onset (WASO), and arousal index (number of 

arousals per hour of sleep). Respiratory events39 were scored with apnea defined as a >90% 

decrease in airflow for ≥10 s and hypopnea defined as a ≥30% but ≤90% drop in respiratory 

flow for ≥10 s with ≥3% oxygen desaturation or an arousal. Average and nadir oxygen 

saturation (SaO2) were obtained. The apnea-hypopnea index (AHI) was defined as the 

number of apneas and hypopneas per hour of sleep. The diagnosis of OSA was based on an 
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AHI > 5 events/hour. Based on AHI, the severity of OSA was classified into mild (5 ≤ AH < 

15), moderate (15 ≤ AHI < 30), and severe OSA (AHI ≥ 30).39

Inflammatory biomarkers

The blood samples were collected through routine venipuncture. The samples were 

centrifuged, and 0.5-mL aliquots were frozen at −80° C until analysis. Serum levels of IL-6 

and sIL-6R were determined using commercially available ultrasensitive ELISA kits 

(Biosource, Europe). Sensitivity for IL-6 was <0.104 pg/mL and coefficients of variation 

(CV) was ≤7.8%; sensitivity for sIL-6R was <0.09 pg/mL and CV was ≤9.7%. Samples 

were assayed in duplicate according to the manufacturer’s instructions. CRP was detected 

using an ultrasensitive ELISA (DSL, Webster, TX) with an enzymatically amplified “two-

step” sandwich-type immunoassay. Sensitivity for CRP was <1.6 ng/mL and CV was <4.2%. 

All samples had detectable levels of CRP. The CRP samples were diluted by 1:100 and 

assayed in duplicate according to the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using Stata 13.0 (StataCorp LP, College Station, Texas). 

Prior to data analyses, the normal distribution of the variables was checked. The natural log 

of IL-6, sIL-6R, and arousal index and the square root of CRP were sufficient to normalize 

the data. Data are presented as the mean and the standard deviation (SD) or the median and 

the interquartile range (IQR) for continuous variables, and frequency (n) and percent (%) for 

categorical variables. Group difference was compared using chi-square or a one-way 

ANOVA. Pearson correlation analysis was performed to determine the associations between 

sleep parameters and inflammatory biomarkers. Any variable related to the dependent 

variables at P < 0.2 in the bivariate analysis was considered for inclusion in the initial 

multivariable analysis. Age, pregnancy BMI, and race/ethnicity were included in the 

regression models as a priori covariates. Once the final regression model was obtained, all 

relevant model assumptions were checked (e.g., normality, model specification, 

multicollinearity, and homoscedasticity). A P < 0.05 (two-tailed) was considered statistically 

significant.

Results

Demographic and clinical characteristics

The participants’ demographic and clinical characteristics are presented in Table 1. The 

participants had an average age of 32.2 (SD = 4.1) years and the average gestational age was 

32.8 (SD = 3.4) weeks. Thirty women (40.5%) were African American. Two were current 

smokers (2.7%). Their mean prepregnancy BMI was 30.6 (SD = 7.9) kg/m2 and BMI 

measured at the PSG night was 34.7 (SD = 7.5) kg/m2. The average neck circumference was 

36.6 (SD = 3.1) centimeters. The mean PHQ-9 score was 4.6 (SD = 4.1) and three had 

moderately severe depression.

Sleep parameters and inflammatory biomarkers

Sleep- and inflammation-related characteristics are shown in Table 2. The mean sleep 

duration was 5.4 (SD = 0.9) h and mean sleep efficiency was 73.8% (SD = 14.0). The 
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median arousal index was 6.0 events/hour. Stage N2 sleep accounted for 53.9% of the total 

sleep duration. Using AHI > 5 events/h as the cutoff point for the diagnosis of OSA, 11 

(14.9%) women had OSA (mild OSA, n = 8; moderate, n = 3). Overall, evening cytokine 

levels were slightly higher than fasting levels the next morning.

Associations of evening inflammatory biomarkers with nocturnal sleep parameters

The bivariate associations between evening levels of CRP, IL-6, and sIL-6R with nocturnal 

sleep parameters are shown in Table 3. Evening IL-6 and sIL-6R were not associated with 

any sleep architecture parameters. Evening IL-6 was associated with arousal index at P < 

0.20 (r = 0.16). Evening CRP was associated with stage N3 sleep (r = −0.24, P < 0.05) and 

stage N2 sleep at P < 0.20 (r = 0.2) (Fig. 1A and 1B). Table 3 also shows the relationships 

between covariates with nocturnal sleep parameters. Arousal index was associated with age 

(r = 0.36, P < 0.01), prepregnancy BMI (r = 0.24, P < 0.05) and pregnancy BMI (r = 0.30, P 
< 0.01). Neck circumference was significantly related to sleep continuity variables, 

including sleep duration, sleep efficiency, WASO, and arousal index. Table S1 (online only) 

shows the group difference in nocturnal sleep parameters. Overall, race/ethnicity, parity, 

GDM, night shift, and use of antihistamine or decongestant were not related to nocturnal 

sleep parameters. OSA diagnosis was significantly associated with arousal index and 

different stages of sleep (P < 0.05).

We created multivariable models while controlling for a priori covariates, including age, 

pregnancy BMI, race/ethnicity, as well as the presence of OSA and PHQ-9 score. Table 4 

shows the final regression models for stage N3 sleep and arousal index. In the model 

predicting stage N3 sleep, controlling for the covariates, evening CRP was negatively 

associated with the percentage of N3 sleep (β = −0.30, P = 0.01). In the model predicting 

arousal index, evening IL-6 was not associated with arousal index (β = 0.15, P = 0.12), after 

controlling for the covariates, such as age and the presence of OSA.

Associations of nocturnal sleep parameters with morning inflammatory biomarkers

The bivariate associations between nocturnal sleep parameters and morning levels of CRP, 

IL-6, and sIL-6R are shown in Table 5. Sleep stages were significantly associated with 

inflammatory biomarkers. Stage N1 sleep was associated with morning IL-6 (r = 0.25, P < 

0.05). Stage N3 sleep (r = −0.31, P < 0.05) and N2 sleep (r = 0.25, P < 0.05) were associated 

with morning CRP (Fig. 2A and 2B). However, there were no significant associations 

between morning inflammatory biomarkers and sleep continuity parameters, including sleep 

duration, sleep efficiency, WASO, or arousal index. None of the sleep parameters were also 

associated with morning sIL-6R. In terms of the covariates, PHQ-9 was related to morning 

CRP (r = 0.24, P < 0.05); prepregnancy (r = −0.28, P < 0.05) and pregnancy BMI (r = −0.24, 

P < 0.05) were significantly related to morning sIL-6R. Parity, GDM, OSA, night shift, and 

use of antihistamine or decongestant were not related to morning inflammatory biomarkers 

(Table S2, online only). Race/ethnicity was related to morning sIL-6R (P < 0.05), with 

Hispanic women having higher levels of sIL-6R than African American women (P < 0.05).

We further examined the relationship between sleep parameters and morning inflammatory 

biomarkers using multivariable regression analyses (Table 6). In Model 1, there was a 
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negative association between stage N3 sleep and morning CRP (β = −0.26, P = 0.036), with 

a higher percentage of N3 sleep associated with a lower level of morning CRP. Contrarily, in 

Model 2, there was a tendency for a positive association between stage N2 sleep and 

morning CRP (β = 0.23, P = 0.065), with a higher percentage of N2 sleep associated with a 

higher level of morning CRP. Stage N1 sleep was associated with morning IL-6 (β = 0.28, P 
= 0.021) after controlling for the covariates (Model 3).

Discussion

The aim of this study was to investigate the relationships between PSG-measured sleep 

parameters and inflammatory biomarkers in pregnant women. We did not find significant 

relationships between sleep continuity variables (e.g., sleep efficiency and arousal index) 

and inflammatory biomarkers. In the bivariate analysis, stage N2 sleep was positively related 

to CPR. Controlling for the confounders (e.g., age, pregnancy BMI, and OSA), stage N3 

sleep had a bidirectional, negative association with CPR. However, no significant association 

between the sleep stage and IL-6 was observed. These findings partially supported our 

hypotheses and added to current literature, suggesting a close interaction between sleep and 

the immune system.

Stage N3 sleep is a reliable biomarker of sleep homeostasis,40 which could promote the 

immune function.5, 41 Compared with healthy adults, patients with OSA had a lower amount 

of stage N3 sleep.42 In this study, we controlled for the presence of OSA and observed a 

reciprocal relationship between stage N3 sleep and CRP. Specifically, a lower level of CRP 

before bedtime was related to a higher percentage of stage N3 sleep during the night and a 

higher percentage of stage N3 sleep during the night was related to a lower level of morning 

CRP. These findings suggest that a night of deeper sleep may decrease inflammation upon 

awakening, which, in turn, would facilitate deeper sleep. Similarly, a previous review 

reported that subjective sleep disturbance was associated with higher CRP.24 Sleep plays an 

important role in the formation of immunological memory. Particularly, this role is related to 

stage N3 sleep and the accompanying proinflammatory environment characterized by 

increased growth hormone and decreased cortisol.43, 44 Stage N3 sleep thus can exert a 

restorative effect to reduce sympathetic nervous activity. Previous evidence has 

demonstrated that proinflammatory cytokines may act on the brain to cause behavior 

changes, such as abnormal sleep.45 Recent evidence has shown communication between the 

nervous system and the immune system by using common molecular signals.46 Sympathetic 

activation could upregulate the inflammatory signaling pathway and increase cellular 

inflammation. Thus, the sympathetic activity might be a mechanism through which stage N3 

sleep is related to inflammation. CRP is a biomarker of acute-phase response that has been 

used widely as a measure of low-grade inflammation.47 In women with normal pregnancy, 

serum CRP demonstrated a gestational age-dependent increase, suggesting a shift towards an 

inflammatory state.17, 48 In this study, we included women at their late pregnancy. These 

women were likely in a higher inflammatory state. Thus, obtaining an adequate amount of 

deep sleep may have a protective effect on inflammation during late pregnancy.

We did not find a significant association between stage N3 sleep and IL-6. This finding is in 

contrast to current evidence found in other populations. Stage N3 sleep was negatively 
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related to morning levels of IL-6 in patients with rheumatoid arthritis.25 In adults with 

insomnia, nocturnal circulating IL-6 was negatively related to stage N3 sleep.49 Likewise, in 

healthy adults, evening stimulated monocyte production of IL-6 was negatively associated 

with stage N3 sleep.36 More relevantly, in pregnant women, poor subjective sleep quality 

was related to higher IL-6 levels during mid and late pregnancy.12 The relationship between 

sleep and IL-6 production has been suggested bidirectional: disturbed sleep may increase 

IL-6 production, which, in turn, might further have a negative impact on sleep quality.49, 50 

In an animal study, blockage of peripheral and central IL-6 trans-signaling differentially 

affected sleep stages, mainly by enhancing stage N3 sleep.51 Collectively, IL-6 is likely 

involved in the modulation of sleep. Several reasons may account for the null finding related 

to IL-6 in this study. IL-6 is secreted in a biphasic pattern, with two peaks around 5 AM and 

7 PM and two nadirs at 8 AM and 9 PM.52 In this study, the two blood samples were 

collected 1 h before the usual bedtime and within 1 h upon awakening, respectively. 

Depending on the individual’s habitual sleep/wake schedule, there were variations in sample 

collection time. Overall, the morning sample was collected between the peak and nadir; the 

evening sample was collected after the nadir of 9 PM. This sampling technique may have 

influenced our findings. In healthy adults, the negative association between stage N3 sleep 

and morning IL-6 became nonsignificant after adjusting for covariates, such as sex, age, and 

race.53 This finding suggests that demographics could modify the relationship between sleep 

and cytokines. However, in this study, none of the demographics, except age, were related to 

sleep stages or cytokines. These nonsignificant relationships could be due to the 

homogeneous sample of females recruited. Similarly, depression might modify the 

association between sleep and inflammation. An earlier study reported that among depressed 

pregnant women, poor sleep efficiency was associated with higher IL-6.54 In the current 

study, most of the women did not have depressive symptoms as measured by the PHQ-9. 

The relationship may not be strong enough for the relatively small sample to capture. In this 

study, sleep was assessed using PSG instead of subjective instruments used in previous 

studies conducted in pregnant women.12, 54 Discrepancies between PSG- and instrument-

measured sleep (e.g., sleep duration, sleep efficiency, and onset latency) have been reported.
55, 56 PSG-measured sleep is well conserved in pregnancy. It is possible that sleep stages do 

not provide a useful biomarker with which to identify risk.

In the unadjusted models, stage N2 sleep was positively related to morning CRP; stage N1 

sleep was positively related to morning IL-6. Compared with healthy adults (5.3%),25 

women in this study had a higher percentage of stage N1 sleep (8.6%), suggesting poorer 

sleep quality. This finding confirms the notion that poor sleep quality may induce increased 

inflammation. However, when the covariates were controlled (e.g., age, race, and BMI), the 

association become nonsignificant, consistent with a previous study conducted in healthy 

adults.53 This null finding might be explained by the small sample size. Similarly, we did not 

find significant associations between sleep continuity variables (e.g., sleep duration and 

arousal index) and inflammatory biomarkers. The relationship between sleep duration and 

IL-6 has been mixed. In a systematic review, extreme long sleep duration was associated 

with higher levels of CRP and IL-6,24 while objective short sleep duration was associated 

with a higher level of IL-6.24 Patel et al. controlled for covariates (obesity and apnea 

severity) and found that for every 1-h increase in habitual sleep duration there was a 7% 

Zhu et al. Page 8

Ann N Y Acad Sci. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increase in IL-6 (P = 0.0003).57 In a study of postpartum women, IL-6 was associated with 

longer sleep duration.58 These findings are in contrast with our findings in a pregnancy 

sample. The existence of potential confounding conditions predisposing to both increased 

sleep duration and elevated IL-6 may explain this finding. Although we controlled for 

known covariates (e.g., BMI, race/ethnicity, OSA, and GDM), important covariates may 

have been missed.

In this study, we collected the inflammatory biomarkers twice (e.g., before sleep and upon 

awakening the next morning). This sampling technique created a time-lag that enabled us to 

examine the temporal association between sleep and the immune system. Despite this 

strength, we still cannot determine their causal relationship due to the correlational design. 

In order to examine the causality, future interventional studies using the administration of 

cytokines (or their antagonists) or improving sleep are needed. Our findings need to be 

interpreted with caution as we did not capture the onset of systemic inflammation. 

Inflammatory processes could result in and from overt diseases and may affect and be 

affected by sleep. Relatedly, women in this study were in their third trimester, where 

inflammation tends to increase as the body prepares for parturition. Thus, findings cannot be 

extrapolated to women during early- or mid-trimester. Longitudinal studies, including 

assessment of sleep and inflammation at different stages of pregnancy or after gestation, are 

needed to shed more light on the change of inflammation over time. It is worth mentioning 

that around 19% of the women reported a night shift. Although no significant difference in 

sleep and inflammatory biomarkers was found between the night shift and no night shift, 

shift work can influence the circadian rhythm of sleep. Futures research should take into 

account this factor. Another limitation is related to the PSG assessment. In this study, the 

PSG monitor was performed in the laboratory that is different from the participants’ usual 

sleep environment. Thus, worse sleep quality may be observed (first night effect). There 

were women who declined to participate because of the laboratory setting. Findings may be 

biased toward poor sleepers looking for answers or great sleepers who are not affected by 

the sleep environment.

Sleep disturbance in pregnancy could skew the proinflammatory cytokine profile leading to 

an inflammatory state instead of the desired anti-inflammatory state, resulting in poor 

maternal health and negative pregnancy outcomes.13 Thus, the immune system may be an 

underlying pathway linking sleep disturbance and pregnancy-related outcomes. Building 

upon previous studies, we examined the associations between PSG-measured sleep and 

inflammatory biomarkers in women at late pregnancy. We found that a higher percentage of 

sleep spent in light sleep in pregnancy is likely associated with higher levels of CRP and 

IL-6. In comparison, more deep sleep (stage N3 sleep) is bidirectionally associated with 

lower inflammation. Our findings add to current literature about the reciprocal interaction 

between sleep and the immune system. They also have important implications. Elevated 

CRP has been associated with maternal-fetal outcomes (e.g., preeclampsia, GDM, and lower 

birthweight).17, 18, 59 Thus, increasing the amount of deep sleep might have a protective 

effect on both the mother and the baby by preventing an increase in inflammatory 

biomarkers such as CRP. Future studies with longitudinal design may help to reveal the 

detrimental effects of inflammation by collecting pregnancy-related outcomes (e.g., 

preeclampsia and preterm birth). Sleep disturbance could also directly increase the risk for 
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adverse maternal and fetal outcomes (e.g., preterm birth gestational length, and death).
9, 60, 61 Therefore, continuing efforts are needed to examine the effect of improving sleep 

quality using sleep-related intervention, on inflammation and associated outcomes in 

pregnant women.
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Figure 1. 
Bivariate associations between evening levels of CRP and (A) stage N3 sleep and (B) stage 

N2 sleep. Fitted line with a 95% confidence interval (shaded area) was presented.
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Figure 2. 
Bivariate associations between (A) stage N3 sleep and (B) stage N2 sleep and morning 

levels of CRP. Fitted line with a 95% confidence interval (shaded area) was presented.
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Table 1.

Demographic and clinical characteristics (n = 74)

Variables mean (SD)/n (%)

Age, years 32.2 (4.1)

Gestational age, weeks 32.8 (3.5)

Race/ethnicity, n (%)

 White/Others 16.0 (21.6)

 African American 30.0 (40.5)

 Hispanic 28.0 (37.9)

Smoking status, n (%)

 Current smoker 2.0 (2.7)

 Ex-smoker 10.0 (13.5)

 No smoking 62.0 (83.8)

Multiparous, n (%) 57.0 (77.0)

Single/divorced, n (%) 39.0 (52.7)

Higher education, n (%) 39.0 (52.7)

Nightshift, n (%) 14.0 (18.9)

Neck circumference, cm 36.6 (3.1)

Prepregnancy BMI, kg/m2 30.6 (7.9)

Pregnancy BMI, kg/m2 34.7 (7.5)

PHQ-9 4.6 (4.1)

 No, n (%) 45.0 (61.6)

 Mild, n (%) 19.0 (26.0)

 Moderate, n (%) 6.0 (8.2)

 Moderately severe, n (%) 3.0 (4.2)

GDM, n (%) 38.0 (51.4)

Use of prescription, n (%)
†

 Blood pressure medication 2.0 (2.8)

 Antihistamine/decongestant 16.0 (22.5)

 Thyroid medication 5.0 (5.6)

Notes:

†
n = 71;

BMI, body mass index; GDM, gestational diabetes mellitus; PHQ-9, Patient Health Questionnaire-9; SD, standard deviation.
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Table 2.

Description of sleep parameters and inflammatory biomarkers (n = 74)

Variables mean (SD)/n (%)

Time in bed, h 7.3 (0.4)

Sleep duration, h 5.4 (0.9)

Sleep efficiency, % 73.8 (14.0)

WASO, min 84.1 (52.0)

Arousal index, events/h
† 6.0 (5.5)

Stage N1 sleep, % 9.2 (4.2)

Stage N2 sleep, % 53.9 (10.0)

Stage N3 sleep, % 17.9 (6.0)

REM sleep, % 19.0 (6.0)

Non-REM sleep, % 81.0 (6.0)

OSA, n (%) 11.o (14.9)

AHI, events/h
† 0.7 (1.9)

Average SaO2, % 96.4 (1.1)

Nadir SaO2, %
† 90.8 (4.2)

Evening CRP, ng/mL
† 17.1 (15.0)

Evening IL-6, pg/mL
† 0.44 (0.74)

Evening sIL-6R, pg/mL
† 28.8 (13.4)

Morning CRP, ng/mL
#,† 16.4 (16.0)

Morning IL-6, pg/mL
#,† 0.34 (0.59)

Morning sIL-6R, pg/mL
#,† 27.7 (14.2)

Notes.

#
n = 70;

†
data were presented as median and interquartile range; sleep stages were presented as percent of total sleep duration; AHI, apnea-hypopnea index; 

NREM, nonrapid eye movement sleep; OSA, obstructive sleep apnea; REM sleep, rapid eye movement sleep; SaO2, oxygen saturation; SD, 
standard deviation; WASO, wake after sleep onset.
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Table 3.

Bivariate associations (r) for nocturnal sleep parameters (n = 74)

Variables Sleep 
duration

Sleep 
efficiency

WASO Arousal 
index

Stage 
N1 

sleep

Stage 
N2 sleep

Stage N3 
sleep

REM 
sleep

NREM 
sleep

Evening CRP, ng/mL 0.02 0.03 −0.02 0.12 −0.06
0.20

§ −0.24* 0.05 −0.07

Evening IL-6, pg/mL 0.09 0.14 −0.08
0.16

§ 0.10 0.01 −0.06 −0.09 0.09

Evening sIL-6R, 
pg/mL

0.05 0.06 −0.05 0.06 −0.06 0.14 −0.07 −0.09 0.06

Age, years −0.07 −0.07
0.19

§ 0.36** 0.10 −0.06 0.11 −0.13 0.11

Gestational age, 
weeks −0.16

§
−0.17

§
0.17

§ 0.14 0.01 0.10 −0.11 −0.03 0.08

Prepregnancy BMI, 
kg/m2

−0.12 −0.13 0.10 0.24* 0.03 0.07 −0.14 −0.02 0.03

Pregnancy BMI, 
kg/m2

−0.11 −0.12 0.10 0.30** 0.04 0.11
−0.16

§ −0.08 0.09

Neck circumference, 
cm

−0.27* −0.29* 0.23* 0.28* 0.19 0.07
−0.23

§ −0.14 0.12

PHQ-9
0.19

§
0.21

§ −0.14 0.02 −0.05 0.09
−0.19

§ 0.10 −0.09

Note:

§
P < 0.2;

*
P < 0.05;

**
P < 0.01;

BMI, body mass index; NREM, nonrapid eye movement sleep; PHQ-9, Patient Health Questionnaire-9; REM sleep, rapid eye movement sleep; SD, 
standard deviation; WASO, wake after sleep onset; natural log of IL-6, sIL-6R, and arousal index and square root of CRP were used.
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Table 4.

Multiple linear regression models predicting nocturnal sleep from inflammatory biomarkers

Predictors
Stage N3 sleep (Model 1) Arousal index (Model 2)

Coefficient (95% CI) β P Coefficient (95% CI) β P

Age, years 0.39 (0.08 to 0.70) 0.27 0.02 0.05 (0.02 to 0.08) 0.27 0.005

Pregnancy BMI, kg/m2 0.13 (−0.08 to 0.34) 0.17 0.22 −0.003 (−0.03 to 0.02) −0.03 0.77

Race/ethnicity
#

 African American −1.71 (−5.38 to 1.97) −0.15 0.36 0.18 (−0.23 to 0.58) 0.12 0.38

 Hispanic −1.03 (−4.38 to 2.32) −0.09 0.54 −0.09 (−0.45 to 0.27) −0.07 0.64

PHQ-9 −0.18 (−0.50 to 0.13) −0.13 0.26 −0.02 (−0.05 to 0.02) −0.09 0.34

OSA −6.36 (−10.10 to −2.62) −0.40 0.001 1.21 (0.77 to 1.65) 0.57 <0.001

CRP, ng/ml or IL-;6, pg/mL
† −1.17 (−2.06 to −0.28) −0.30 0.01 0.09 (−0.02 to 0.21) 0.15 0.12

Notes: Model 1 stats: F(7,65)=3.65, P = 0.002, R2 = 0.28, adjusted R2 = 0.21; Model 2 stats: F(7,63)=8.43, P < 0.001, R2 = 0.48, adjusted R2 = 
0.42;

†
CRP was used in Model 1 and IL-6 was used in Model 2

#
using Asian/Others as comparison; 95% CI, 95% confidence interval;

BMI, body mass index; OSA, obstructive sleep apnea; PHQ-9, Patient Health Questionnaire-9.
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Table 5.

Bivariate associations (r) for morning inflammatory biomarkers (n = 70)

Variables Morning CRP Morning IL-6 Morning sIL-6R

Age, years −0.06 −0.003 −0.06

Gestational age, weeks −0.06 0.16 0.18

Prepregnancy BMI, kg/m2
0.18

§ 0.15 −0.28*

Pregnancy BMI, kg/m2
0.18

§
0.17

§ −0.24*

Neck circumference, cm
0.23

§ 0.09 0.05

PHQ-9 0.24*
0.23

§ 0.06

Sleep duration, h 0.02 0.11 −0.01

Sleep efficiency, % 0.06 0.12 −0.02

WASO, min −0.03 −0.02 −0.02

Arousal index, events/h 0.08 0.08 −0.14

Stage N1 sleep, % −0.06 0.25* 0.09

Stage N2 sleep, % 0.25* −0.01 0.02

Stage N3 sleep, % −0.31* −0.11 −0.10

REM sleep, % −0.009 −0.15 0.005

NREM sleep, % −0.007
0.17

§ −0.04

Evening CRP 0.88** 0.09 −0.05

Evening IL-6 0.09 0.51** −0.03

Evening sIL-6R 0.13 −0.14 0.71**

Note: Morning inflammatory biomarkers were not obtained from 4 of 74 participants;

§
P < 0.2;

*
P < 0.05;

**
P < 0.01;

BMI, body mass index; NREM, nonrapid eye movement sleep; PHQ-9, Patient Health Questionnaire-9; REM sleep, rapid eye movement sleep; SD, 
standard deviation; WASO, wake after sleep onset; natural log of IL-6, sIL-6R and arousal index, and square root of CRP were used.
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Table 6.

Multiple linear regression models predicting morning inflammatory biomarkers from nocturnal sleep

Predictors

CRP (Model 1) CRP (Model 2) IL-6 (Model 3)

Coefficient (95% 
CI) β P Coefficient (95% 

CI) β P Coefficient (95% 
CI) β P

Age, years −0.02 (−0.11 to 
0.06)

−0.07 0.56 −0.03 (−0.11 to 
0.06)

−0.08 0.52 −0.04 (−0.11 to 
0.03)

−0.13 0.30

Pregnancy BMI to 
kg/m2

0.01 (−0.04 to 0.06) 0.04 0.76 0.01 (−0.04 to 0.06) 0.06 0.70 0.04 (−0.01 to 0.07) 0.21 0.15

Race/ethnicity
#

 African 
American

0.22 (−0.79 to 1.24) 0.08 0.66 0.49 (−0.54 to 1.53) 0.17 0.35 −0.50(−1.37 to 0.37) −0.21 0.26

 Hispanic −0.03 (−0.95 to 
0.89

−0.01 0.94 0.14 (−0.78 to 1.06) 0.05 0.76 −0.28 (−1.05 to 
0.50)

−0.12 0.48

PHQ-9 0.06 (−0.02 to 0.14) 0.18 0.14 0.07 (−0.01 to 0.15) 0.20 0.11 0.07 (−0.001 to 
0.14)

0.24 0.052

Stage N3, N2, or 

N1 sleep, %
†

−0.06 (−0.12 to 
−0.01) −0.26 0.036 0.03 (−0.002 to 

0.06) 0.23 0.065 0.08 (0.01 to 0.14) 0.28 0.021

Note: Model 1 stats: F(6,63) = 1.93, P = 0.090, R2 = 0.16, adjusted R2 = 0.08; Model 2 stats: F(6,63) = 1.86, P = 0.10, R2 = 0.15, adjusted R2 = 

0.07; Model 3 stats: F(6,63) = 1.89, P = 0.096, R2 = 0.15, adjusted R2 = 0.07;

†
Stage N3 sleep was used in Model 1, stage N2 sleep was used Model 2, and stage N1 sleep was used in Model 3;

#
using Asian/Others as comparison; 95% CI, 95% confidence interval; BMI, Body mass index; PHQ-9, Patient Health Questionnaire-9.
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