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ABSTRACT
Background: Despite well-established evidence on marriage as a psychosocial support for adults, there are studies that indicate loneliness may affect even married adults. Loneliness provokes a dysregulation of the hypothalamic-pituitary-adrenocortical (HPA) axis. Thus, the study aims to examine the sex-specific association of loneliness and cortisol levels in the married older population.
Methods: A cross-sectional analysis was conducted among 500 married participants (316 male and 184 female) aged 65 to 90 years (mean age=73.8 ±6.4 years) of the population-based KORA (Cooperative Health Research in the Region of Augsburg) - Age study. Linear regression analyses were employed to examine the association between cortisol measurements (salivary cortisol upon waking (M1), 30 min after awakening (M2), late night (LNSC), Cortisol Awakening Response (CAR), Diurnal Cortisol Slope (DCS)) and loneliness (assessed by UCLA Loneliness Scale) in married participants with adjustments for potential confounders.
Results: In total sample population, lonely married participants displayed a significantly flatter DCS after M2 peak than their not lonely counterparts. In sex-specific analyses, lonely married men showed flatter DCS and reduced CAR than non-lonely counterparts. The association between loneliness and DCS was robust even after adjustment for lifestyle and psychosocial factors.  In married women, no significant associations between loneliness and cortisol levels were observed.
Conclusion: These findings suggest a differential impact of loneliness on HPA axis dynamics in lonely married men. Our findings highlight the importance to address loneliness even in married people.
KEYWORDS: marriage, loneliness, cortisol, older adults

INTRODUCTION
[bookmark: _Hlk30540837]A large body of literature implicated that married people are generally healthier than unmarried people (Kiecolt-Glaser & Wilson, 2017). Many studies have shown that marriage is associated with well-being,  life satisfaction and lower depression and anxiety (Akhtar-Danesh & Landeen, 2007; Kiecolt-Glaser & Wilson, 2017), lower risk of various health impairments including heart disease (Eaker, Sullivan, Kelly-Hayes, D’Agostino, & Benjamin, 2007) as well as mortality (Holt-Lunstad, Smith, Baker, Harris, & Stephenson, 2015).  Notwithstanding, marriage can be a source of psychological stress. Eaker et al. showed that marital conflict and strain were associated with adverse health outcomes in a population-based longitudinal study (Eaker et al., 2007).  In women, “self-silencing” during conflict with their spouse was associated with four-fold increased risk in mortality. Of note, people can even experience loneliness despite being married, especially in old age (Perissinotto, Stijacic Cenzer, & Covinsky, 2012).  The experience of loneliness within marriage has been associated with the quality of the relationship (Pearl A. Dykstra, van Tilburg, & Gierveld, 2005) making loneliness a crucial indicator of poor marital quality. Further evidence indicates that men in old age tend to experience loneliness with stronger associations to adverse mental health conditions than women (Zebhauser et al., 2014). Given that marital role expectations and the structure of social relations broadly differ between men and women at old age (Moen, 2001),  gender is a core feature that may influence the associations between marriage and loneliness. 
Among various underlying biological mechanism accounting for the association of marital status and health, the HPA axis has gained utmost attention. Chin et al. found that being married in comparison to single was associated with a steeper daily decline in cortisol slopes (Chin, Murphy, Janicki-Deverts, & Cohen, 2017). There are also several small-sized clinical studies among young married couples that have investigated the association of poor marital quality and diurnal cortisol slopes but yielded conflicting evidence (Robles, Slatcher, Trombello, & McGinn, 2014). Furthermore, none of previous work has focused on older population as well as considered loneliness as a proxy of marriage quality. Therefore, in the present investigation, we tested cortisol levels assessed at multiple time points to evaluate diurnal cortisol secretion patterns by using data from a large representative sample of community-dwelling older adults .  
[bookmark: _Hlk30018243][bookmark: _Hlk30541692]To date, it is still unclear whether the phenomenon of being lonely in a marriage is a potential stress cue among older adults with no study examining the sex difference. Kudielka and Kirschbaum have evidence greater cortisol responses to acute psychological stress in men compared to women (Kudielka & Kirschbaum, 2005), providing a valid argument to investigate sex dimorphisms of the relationship between loneliness and cortisol secretion patterns. Thus, this study aims to assess sex-specific associations of loneliness and diurnal cortisol patterns in a representative sample of old aged married population with adjustment for potential confounders. We anticipate that loneliness may alter the association between cortisol secretion patterns and marital relationship in older adults, especially in men.

METHODS
Sample and participant selection
The KORA (Cooperative Health Research in the Region of Augsburg)-Age study is a follow up examination of the participants (N=4127, age ≥ 64 years) of previous four cross-sectional MONICA/KORA Surveys in the Augsburg region, Southern Germany and was conducted between November 2008 and November 2009 (Peters et al., 2011). From these participants, a randomly drawn subsample of 1079 participants participated in a standardised telephone interview and extensive physical examinations at the study centre including collection of blood samples, anthropometric examination, and personal interview. 
The present study has excluded unmarried participants (n=267) and missing data in UCLA Loneliness Score (n=57), salivary cortisol samples (morning after awakening, M1: n=292; 30 minutes after awakening, M2: n=292; late night salivary cortisol, LNSC=287) and depressive symptoms (n=61) as well as an outlier from LNSC sample (n=1).  Salivary samples were available from 772 subjects (saliva sampling rate of 72%), as previously described (Johar, Emeny, Bidlingmaier, Kruse, & Ladwig, 2016). Therefore, the final data set for the present analysis consisted of 500 participants (316 male and 184 female) aged 65 to 90 years (mean age=73.8 ±6.4 years). A drop-out analysis of the excluded participants revealed no significant age and sex differences. The study was approved by the Ethics Committee of the Bavarian Medical Association, and all participants provided written informed consent.

Outcome variable
Cortisol measurements
[bookmark: _Hlk30541813]Participants were individually instructed about the saliva sampling procedure and provided with additional detailed written information (Salivette® salivary sampling test kit, Sarstedt, Nümbrecht, Germany). At home, participants collected 3 saliva samples: in the morning after awakening (M1) while sitting in an upright position, 30 minutes after awakening (M2), and in the late night before bedtime.  Participants were instructed not to eat or drink or brush their teeth 15 min before collecting the salivary samples. We did not enforce a specific day for sampling but instructed the study participants to provide the salivary samples all on the same day to reflect normal daily settings, on a day with a normal daily routine that should not involve any special occasions, such as family celebration, travel or a doctor’s visit. Otherwise, the saliva collection should be postponed to other days. Analysis of self-documented collection times revealed that 95% of the subjects had collected the second morning (M2) sample with less than 5 minutes deviation from the expected time point. Cortisol levels (ng/mL) were determined in duplicate using a luminescence immunoassay (IBL, Hamburg, Germany). The lower detection limit of this assay is 0.1 ng/mL (0.276 nmol/L), intra- and inter-assay coefficients of variation (CV) are below 6% and 9% at concentrations of 0.4 ng/mL and 5.0 ng/mL, respectively. 
The normal HPA axis diurnal rhythm consists of high morning and low evening cortisol levels. Therefore, we have calculated overall DCS (ratio of M1/LNSC) and also DCS after M2 peak (ratio of M2/LNSC) in the current analysis. Lower DCS values indicate flattened DCS patterns. As Cortisol Awakening Response (CAR) is regulated by different neurobiological mechanisms than the rest of the underlying diurnal cortisol patterns (Clow, Thorn, Evans, & Hucklebridge, 2004), we calculated CAR based on the difference of M2 to M1 as done by other studies (Adam and Kumari, 2009; Kunz-Ebrecht et al., 2004) and the area under the curve with respect to ground (AUCG) was calculated from M1 to M2, as suggested previously (Pruessner et al., 2003).

Covariates measurements
Information on covariates was obtained in standardized personal interviews conducted by trained medical staff and a self-administered questionnaire as described elsewhere in detail (Lacruz et al., 2010).


Main covariate (independent variable)
[bookmark: _Hlk30015681]Loneliness was measured by using a short German version of the UCLA-Loneliness-Scale (Bilsky & Hosser, 1998) containing 12 items and leading to a score that ranges from 0 to 36 points; high score points indicate severe loneliness. We used the continuous UCLA Loneliness scale for the main analysis. As indicated by previous studies, the prevalence of loneliness in the general population is about 20% (Theeke, 2009; Victor & Bowling, 2012). Based on the assumptions that 20% of our study population could be considered as being lonely, the 80th percentile was chosen as the cut-off point. A dichotomized loneliness (yes/no) variable was created by cut-off ≥ 21 points, as also performed previously (Zebhauser et al., 2014).  
Other covariates
Marital status and living arrangements were assessed via interview and dichotomized as married or living in partnership versus unmarried which includes single, separated, divorced and widowed. Low education was defined as < 12 years of schooling. Someone who smoked cigarettes regularly or occasionally was considered as a current smoker. Alcohol consumption was rated as “daily”, “once or several times a week” and “no”. To assess physical activity, participants were classified as ‘active’ during leisure time if they regularly participated in sports for at least 1 hour per week; otherwise, they were considered ‘inactive’. Body mass index (BMI) was calculated as weight (kg)/height2 (m²), which was assessed in a medical examination. T2DM was self-reported by the participants in the self-administered questionnaire and verified from physicians and antidiabetic medications used by the study participants. Actual hypertension was defined as blood pressure ≥140/90 mmHg and/or current use of hypertensive medication. Total cholesterol (TC) and high-density lipoprotein cholesterol (HDL-C) in mmol/l were measured by enzymatic methods (CHOD-PAP, Boehringer Mannheim, Germany). Multimorbidity was defined as the co-occurrence of more than two disease conditions based on the Charlson Comorbidity Index (Chaudhry, Jin, & Meltzer, 2005).
Sleeping problems were assessed based on interview questions using the Uppsala Sleep Inventory (USI) concerning the difficulty initiating and maintaining sleep, as well as sleeping duration (Mallon & Hetta, 1997). Depressive symptoms were measured by cut-off point >5 for mild or moderate depression using the 15-item German version of the Geriatric Depression Scale (Sheikh & Yesavage, 1985) and anxiety (scores ≥10) using the Generalized Anxiety Disorder-7 (Spitzer, Kroenke, Williams, & Löwe, 2006). Stressful life event in the past year and levels of perceived stress (if the subjects suffer from a past stressful event) with answers ranging from “quite”, “very much”, “a little” or “no” were assessed by questionnaire.

Statistical analysis
Descriptive data of sociodemographic, lifestyle, clinical and psychosomatic characteristics were stratified by marital status as shown in Table 1. Bivariate associations of continuous variables and marital status groups were tested using the Kruskal-Wallis test. The χ2 test was used to examine the associations between categorical variables.  Regarding mean of cortisol measurements, age- and sex-adjusted least-square (LS) means (95% confidence intervals) were calculated.
Multiple linear regression was employed to explore the association of cortisol levels and a continuous loneliness score with different steps of adjustments.  Beta (ß) estimate, standard error and P-values are shown for the association between marital status and different cortisol measurements. CAR, LNSC and DCS after M2 peak were chosen as dependent variables. Model 1 was adjusted for age and sex. Model 2 was additionally adjusted for education level and body-mass-index (BMI). Model 3 included depressed mood in the previous model 2. The final model 4 added the time of awakening to model 3. Adjustment for regular smoking, alcohol intake, stress resilience and sleep problems did not substantially alter the estimates; thus the present analysis included only the aforementioned factors as confounders. Diagnostic plots of the fitted models (Q-Q-plots and plots of standardized residuals vs the fitted linear predictor portion of the models) visually confirmed that residuals of cortisol measurements to approximate normality. However, the plot of residual vs. predicted value suggests potential outliers and probable heteroscedasticity in the LNSC sample. However, the Dfbetas statistics revealed that the outliers did not influence the parameter's coefficient. The removal of two detected outliers of LNSC left the significant findings unchanged. 

We further examined the interaction between loneliness and sex on cortisol levels by including the product of both variables (continuous UCLA loneliness score X sex) in linear regression models with cortisol levels as the dependent variable.  Then, sex-stratified analyses were performed on married participants according to their loneliness status (lonely vs not lonely), and differences between groups were tested with generalized linear model (GLM) procedures with a similar confounder-adjustment strategy. Finally, sex-specific age-adjusted least-squares means (LS-means) and 95% confidence intervals of cortisol measurements were calculated using generalized linear models as described above in a specific assessment of loneliness (lonely vs not lonely) in the married individuals.



RESULTS
Description of study population
Among the 500 married participants (316 men, 63.2%; 184 women, 36.8%) with a mean age of 73.8 (SD±=5.8) (range 65 - 89) years, a total of 75 (15.0%) participants were identified as lonely by the UCLA Loneliness Scale. Overall, the mean loneliness score did not differ between men and women (16.7±4.2 vs. 16.3±4.2); the frequency of loneliness in the married population was 15.8% (N=50) in men and 13.6% (N=25) in women.
As can be seen in Table 1, in the total sample population, lonely married participants were more likely to be older, be affected by multimorbidity, and suffer more from various psychological conditions including depression, anxiety, sleep problems, perceived stress, low social network, low life satisfaction and low resilience in comparison to their not lonely married counterparts. There were sex difference observed in the univariate analysis whereby men (not women) tended to suffer more from sleep problems, perceived stress, low social network and low resilience.

Association of loneliness and cortisol secretion patterns 
[bookmark: _Hlk30017584]In the total sample population, lonely married participants presented a significantly lower diurnal cortisol slope (DCS) after the M2 peak than not lonely married counterparts (DCS after M2 peak, lonely: 5.86, 4.89 - 7.04; not lonely: 7.34, 6.80 - 7.92, P=0.03). Multiple linear regression analyses revealed that loneliness was associated with a flatter DCS even after adjustments for important confounders (Model 4, overall DCS: ß=-0.19, SE=0.07, P=0.01; DCS after M2 peak: ß= -0.21, SE=0.08, P=0.01) (Table 3).  All other cortisol measurements (M1, CAR and LNSC) were not significantly associated with loneliness in married participants (P > 0.05). 
[bookmark: _Hlk30017692]
Sex-specific association of loneliness and cortisol secretion patterns in married participants
We then performed a sex-specific analysis to examine the association between loneliness and cortisol levels. As shown in Table 2, the M1 sample was not associated with being lonely while lonely men displayed a significantly lower CAR and flatter DCS after the M2 peak (lower M2/LNSC ratio) compared to non-lonely men. Driven by this finding, we further employed sex-specific regression analyses and found that loneliness was associated with flatter DCS patterns even in the fully adjusted regression models, as shown in Table 3 (model 4: overall DCS: ß= -0.26, SE=0.10, P=0.008; DCS after M2 peak: ß=-0.24, SE=0.12, P=0.04 ) in men. The association of loneliness and flatter DCS (measured by overall DCS) in men remained significant after Bonferroni correction for multiple testing was applied (0.05/3, P <0.017). However, the association of loneliness and CAR measurement was no longer significant after further adjustment for education, BMI and depression and time of awakening in the linear regression models.  Loneliness was not significantly associated with other cortisol measurements (M1, LNSC and overall DCS) in men (P>0.05). Remarkably in women, loneliness was not associated with any cortisol measurement (M1, CAR, LNSC, overall DCS and DCS after M2 peak). 
[bookmark: _Hlk30544041]Given the substantial difference in HPA axis dynamic between men and women, we aimed to identify factors which may explain these difference. However, bivariate analyses revealed no significant difference between lifestyle, cardio-metabolic and psychological factors except for lonely men tend to report more sleep problems and had lower stress resilience compared with their not lonely women counterparts. 
	However, the statistical interaction between sex and UCLA Loneliness score (continuous values) on cortisol levels were not significant in both crude and fully adjusted models.

DISCUSSION
Despite sociodemographic shifts away from marriage in industrialized countries, marriage continues to play an integral role in social networks (Robles et al., 2014; Treas, Lui, & Gubernskaya, 2014). Evidence indicates that married individuals are healthier than their counterparts. Chin et al. (2017) proposed that elevated levels of cortisol, a potential biological consequence of interpersonal stress, could be most likely a major candidate mechanism accounting for the association of marital status and health. Therefore, the researchers examined the association between currently married versus non-married with cortisol secretion patterns and a possible disruption of cortisol’s daily rhythm in 572 healthy men and women aged 21-55 years and confirmed that married individuals had lower cortisol levels than their never married or previously married counterparts. Furthermore, they observed a more rapid decline in cortisol through the afternoon in married subjects. The authors did not consider marriage quality because they expected most married people to be relatively satisfied with their marriage. 
[bookmark: _Hlk30026902]Contrary to this assumption, in a sample of 500 community dwelling older individuals, we identified a proportion of 15% who reported being lonely despite currently married, indicating that they perceived an imbalance between their social needs and the quality of their marital relationships (Hawkley & Cacioppo, 2010). Of note, these lonely married individuals clustered further somatic and mental health adversities (including multimorbidity, depression, anxiety and sleep problems). Furthermore, data from the present investigation demonstrated an association of  dysregulated cortisol secretion patterns and sustained feelings of loneliness in a sample of married older men and women. We applied similar measures of HPA-axis disruption as in the study of Chin et al. Here, we show that in married participants, loneliness was associated with a lower CAR secretion particularly in men, which in turn contributed to a significantly flatter diurnal slope. Interestingly, these findings were not confirmed for women.
Some attempts have been made to study the impact of “marital quality” on cortisol slopes and reactivity, however, a meta-analysis by Robles et. al (2014) concluded that the small number of studies with low sample sizes caused significant heterogeneity and precluded examining moderators (Robles et al., 2014). No study included in the meta-analysis investigated older community dwelling individuals or focused on loneliness. Recently, Schutter et al. (2017) analyzed the association between loneliness and morning cortisol, cortisol awakening response, diurnal slope and dexamethasone suppression ratio in cross-sectional data of 426 lonely and non-lonely older adults in the Netherlands Study of Depression in Older Persons (NESDO) (Schutter et al., 2017). In line with the present investigation, they found that cortisol output in the first hour after awakening and dexamethasone suppression ratio was lower in lonely participants. There were no significant interactions between loneliness and depression diagnosis in the association with the cortisol measures. No attempts were made to elaborate the effect of loneliness in married people. Furthermore, several studies have investigated the effects of loneliness on stress responses in a laboratory setting among healthy adults and yielded mixed findings (Edwards, Bosch, Engeland, Cacioppo, & Marucha, 2010; Hackett, Hamer, Endrighi, Brydon, & Steptoe, 2012; Jaremka et al., 2013; Steptoe, Owen, Kunz-Ebrecht, & Brydon, 2004). However, the largest of these studies with a sample of 524 healthy individuals confirmed that loneliness was associated with reduced stress responsivity (Hackett et al., 2012). Taken together, preliminary findings in the literature and results from the present investigation support the assumption that a disrupted HPA axis response pattern in lonely people is characterized by a blunted and not by a hyperactive reagibility (Phillips, Ginty, & Hughes, 2013). 
In the present study, the sex-specific findings showed that the detrimental effect of loneliness was most profound in married men and was not substantially affected by adjustment for lifestyle and psychosocial factors. These sex-specific results are supported by findings from Doane and Adam whereby younger male had a lower cortisol awakening response and flatter DCS than their female counterparts (Doane & Adam, 2010). Furthermore, blunted cortisol secretion patterns leading to a flatter diurnal rhythm has been implicated in various psychological conditions (Adam et al., 2017; Pan, Wang, Wu, Wen, & Liu, 2018),  immune and inflammatory disorders (Heim, Ehlert, & Hellhammer, 2000). However, two small-sized studies provided contradicting evidence for gender differences, showing that the impact of low marital quality and DCS was stronger for women compared to men (Borys & Perlman, 1985; Fehm-Wolfsdorf, Groth, Kaiser, & Hahlweg, 1999). Apparently, women are more prone to acknowledge their loneliness, but they do not necessarily suffer severely from loneliness (Borys & Perlman, 1985), whereas men tend to experience loneliness with more robust consequences on HPA axis dynamics as well as stronger associations to adverse psychological conditions than female counterparts  (Zebhauser et al., 2014). Therefore, our results support the idea that men in old age experience higher levels of social loneliness (Pearl A Dykstra & Fokkema, 2007). 
Strengths and limitations
[bookmark: _Hlk30027210]The present study collected salivary and serum cortisol measures from a large sample of older community dwelling of men and women with a high response rate and a rigorous and quality assessment. The dataset allows for a robust adjustment for a set of covariates. The study is limited due to the saliva sample collection on one single day. We observed an individual variability in the time of awakening, but 90·4% of the subjects collected the first sample in the early morning after awakening and 95% of the subjects had collected the second sample with less than 5 min deviation from the expected time point (30 minutes after the first sample). Another limitation of this study is that, we do not have additional data on marital quality and years of marriage. The sex-specific results, however, should be interpreted with caution because of the non-significant interaction between loneliness and sex in the analytic sample. Lastly, we recognize that the cross-sectional nature of the study does not imply a cause and effect relationship. 

CONCLUSION
[bookmark: _Hlk30026704]The present investigation shows that a clinical relevant minority of about 15% of older individuals of both sexes suffer from loneliness while being married. Loneliness in marriage may reflect a more silent form of impaired marriage quality, which is most likely more prevalent in old age than predominantly negative attitudes towards one’s partner along with high levels of hostile and negative behavior. Loneliness in these people activates sustained psycho-biological traces of a blunted stress dynamic in the diurnal cortisol secretion pattern which may reflect a diminished and burnt-out capacity to react on daily challenges. Insufficient HPA axis signalling may lead to increased inflammatory responses, and ultimately a higher mortality risk in men (Hermes, Rosenthal, Montag, & McClintock, 2006). To date, recent studies have established the sex differences in outcomes with lower morning responses and flatter DCS exclusively in men, but the associations are still poorly understood and require further investigations. Public health interventions show that the prevalence of loneliness can be reduced by offering adequate assessment and support in older people (Poscia et al., 2018); however, we recommend that those who are married should not been overlooked.
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Table 1: Characteristics of participants by loneliness status, means (±standard deviation) and N (%) (N = 500). 

	
	N
	Lonely          (N=75, 15.0%)
	Not lonely (N=425, 85.0%)
	P
	P ♂
	P♀

	Sociodemographic
	
	
	
	
	
	

	Age (years)
	73.8 ± 6.4
	75.5 ± 6.1
	73.5 ± 5.0
	0.002
	0.72
	0.05

	< 75
75 - < 85
≥ 85
	275
205
20
	31 (41.3)
39 (52.0)
5 (6.7)
	244 (57.4)
166 (39.1)
15 (3.5)
	0.03
	0.14
	0.08

	Women
	184
	25 (33.3)
	159 (37.4)
	0.50
	-
	-

	Men
	316
	50 (66.7)
	266 (62.6)
	
	
	

	Education (<12 years)
	343
	49 (65.3)
	294 (69.2)
	0.51
	0.31
	0.34

	Risk factors
	
	
	
	
	
	

	Current smoker
	24
	7 (29.2)
	17 (70.8)
	0.05
	0.37
	0.02

	Frequent alcohol intake§ 
	265
	41 (15.5)
	224 (84.5)
	0.59
	0.75
	0.53

	Physically inactive
	205
	32 (42.7)
	173 (40.7)
	0.75
	0.98
	0.58

	Obesity (BMI≥30kg/m2)
	157
	24 (32.0)
	133 (31.3)
	0.85
	0.40
	0.14

	Dyslipidemia
	121
	25 (33.3)
	96 (22.6)
	0.44
	0.21
	0.13

	Multimorbidity
	295
	52 (69.3)
	243 (57.2)
	0.02
	0.07
	0.24

	Hypertension
	372
	54 (14.5)
	318 (85.5)
	0.61
	0.48
	0.98

	Type 2 diabetes
	89
	17 (19.1)
	57 (13.9)
	0.21
	0.27
	0.0002

	Psychological factors
	
	
	
	
	
	

	Depression
	7
	6 (8.0)
	1 (0.23)
	<.0001
	<.0001
	0.007

	Anxiety
	31
	14 (18.7)
	17 (4.0)
	<.0001
	0.0004
	0.0006

	Sleep problems
	272
	33 (44.0)
	239 (56.2)
	0.03
	0.02
	0.78

	Perceived stress
   Little suffering
   Great suffering
	
77
72
	
13 (17.3)
23 (11.6)
	
64 (15.1)
49 (56.2)
	
0.0007
	
0.001
	
0.07

	Low social network
	250
	50 (66.7)
	200 (47.1)
	0.002
	0.003
	0.18

	Low life satisfaction
	31
	14 (18.7)
	17 (4.0)
	<.0001
	0.0002
	0.002

	Low resilience
	334
	66 (88.0)
	268 (63.1)
	<.0001
	0.0001
	0.11



P-value for differences between lonely vs. not lonely groups; t-test for continuous variables and chi-square-test for categorical variables. 

§Frequent alcohol intake assessed as daily or several times per week

Abbreviations: BMI: Body mass index; TC/HDL-C: Total cholesterol/High density lipoprotein cholesterol
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	Table 2: Age-adjusted means (95% CI) and p-value for the association of loneliness (lonely vs. not lonely) with cortisol measurements in married participants (nmol/L) (N=500)


	Cortisol
	Total population*
	Men (N=316)
	Women (N=184)

	
	Lonely (n=425)
	Not Lonely (n=75)
	P
	Lonely (n=266)
	Not Lonely (n=50)
	P
	Lonely (n=159)
	Not Lonely (n=25)
	P

	M1
	10.67 (9.37–12.16)
	10.40 (9.85–10.99)
	0.72
	10.38 (8.77–12.27)
	10.53 (9.79–11.32)
	0.87
	11.35 (9.23–13.95)
	10.19 (9.39–11.05)
	0.34

	CAR
	1.95 (0.12–3.77)
	3.68 (2.92–4.44)
	0.08
	0.93 (-1.43–3.29)
	3.44 (2.42–4.46)
	0.06
	3.92 (1.10–6.74)
	4.09 (2.98–5.20)
	0.91

	CARAUC
	388.74
(347.10–430.38)
	417.83
(400.43–435.23)
	0.21
	367.53
(313.16–421.91)
	422.54
(399.05–446.03)
	0.07
	432.16
(368.87–495.45)
	409.78
(384.88–434.69)
	0.52

	LNSC
	2.07 (1.77–2.42)
	1.90 (1.78–2.02)
	0.31
	2.18 (1.78–2.66)
	1.96 (1.80–2.14)
	0.35
	1.88 (1.47–2.40)
	1.79 (1.62–1.97)
	0.73

	Overall DCS
	6.54 (4.94–8.13)
	7.58 (6.92–8.25)
	0.24
	6.46 (4.73–8.18)
	7.36 (6.62–8.11)
	0.34
	6.65 (3.37–9.92)
	7.95 (6.67–9.24)
	0.47

	[bookmark: OLE_LINK1]DCS after M2 peak
	5.86 (4.89–7.04)
	7.34 (6.80–7.92)
	0.03
	4.93 (3.89–6.25)
	6.97 (6.29–7.73)
	[bookmark: OLE_LINK2]0.009
	8.23 (6.22–10.88)
	8.01 (7.18–8.94)
	0.86



*Additionally adjusted for sex
Abbreviations: Morning after awakening (M1), Cortisol Awakening Response (CAR), Area under the curve (AUC), Late night salivary cortisol (LNSC), Diurnal Cortisol Slope (DCS)

Table 3: Association of loneliness (in continuous scores) with cortisol measurements: ß estimate, standard error (SE) and p value of the married KORA Age study participants (N=500)

	
	Model 1
	Model 2
	Model 3
	Model 4

	Total  population (N=500)
	ß, SE
	P
	ß, SE
	P
	ß, SE
	P
	ß, SE
	P

	CAR
	0.01 (0.03)
	0.64
	0.01 (0.03)
	0.68
	0.02 (0.03)
	0.51
	0.03 (0.03)
	0.45

	LNSC
	0.005 (0.01)
	0.70
	0.005 (0.01)
	0.67
	0.003 (0.01)
	0.81
	0.002 (0.01)
	0.90

	Overall DCS
	-0.19 (0.07)
	0.01
	-0. 19 (0.08)
	0.01
	-0.18 (0.08)
	0.02
	-0.20 (0.08)
	0.01

	DCS after M2 peak
	-0.21 (0.08)
	0.01
	-0.21 (0.08)
	0.01
	-0.20 (0.09)
	0.03
	-0.20 (0.09)
	0.03

	Men (n=316)
	
	
	
	
	
	
	
	

	CAR
	0.02 (0.04)
	0.61
	0.02 (0.04)
	0.59
	0.03 (0.05)
	0.53
	0.04 (0.05)
	0.45

	LNSC
	0.004 (0.02)
	0.83
	0.004 (0.02)
	0.85
	0.01 (0.02)
	0.76
	0.01 (0.02)
	0.84

	Overall DCS
	-0.22 (0.08)
	0.01
	-0.22 (0.08)
	0.01
	-0.26 (0.09)
	0.07
	-0.26 (0.10)
	0.008

	DCS after M2 peak
	-0.22 (0.10)
	0.03
	-0.21 (0.10)
	0.04
	-0.25 (0.12)
	0.04
	-0.24 (0.12)
	0.04

	Women (n=184)

	CAR
	0.06 (0.05)
	0.90
	-0.001 (0.05)
	0.99
	0.003 (0.05)
	0.95
	0.02 (0.05)
	0.73

	LNSC
	0.006 (0.01)
	0.54
	0.005 (0.01)
	0.60
	0.003 (0.01)
	0.79
	0.003 (0.01)
	0.77

	Overall DCS
	-0.14 (0.14)
	0.34
	-0.09 (0.15)
	0.55
	-0.07 (0.15)
	0.64
	-0.13 (0.16)
	0.43

	DCS after M2 peak
	-0.17 (0.13)
	0.18
	-0.16 (0.13)
	0.25
	-0.13 (0.14)
	0.33
	-0.19 (0.14)
	0.19



Abbreviations: Cortisol Awakening Response (CAR); Late night salivary cortisol (LNSC); Diurnal Cortisol Slope (DCS)
Model 1: Adjusted for age and sex
Model 2: Adjusted for age, sex, education level and BMI
Model 3: Adjusted for age, sex, education level, BMI, depressive symptoms 
Model 4: Adjusted for age, sex, education level, BMI, depressive symptoms and time of awakening 
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