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Summary

In attempts to understand the social determinants of health, strong associations have been found
between measures of loneliness, physiological stress processes, and physical and mental health
outcomes. Feelings of loneliness are hypothesized to have implications for physiological stress
processes, including activity of the hypothalamic-pituitary-adrenal (HPA) axis. In a community
sample of young adults, multilevel modeling was used to examine whether trait and state feelings of
loneliness were related to changes in levels of the stress-sensitive hormone cortisol, and whether the
associations between loneliness and cortisol were mediated or moderated by the presence of
concurrent depression or high levels of chronic life stress. Results indicated that trait loneliness was
associated with a flattening of the diurnal cortisol rhythm. In addition, both daily and momentary
state variations in loneliness were related to cortisol. Prior-day feelings of loneliness were associated
with an increased cortisol awakening response the next morning and momentary experiences of
loneliness during the day were associated with momentary increases in cortisol among youth who
also had high chronic interpersonal stress. Results were significant after covarying current
depression, both chronic and momentary reports of stress, and medical and lifestyle covariates. This
study expanded on prior work by investigating and revealing three different time-courses of
association between loneliness and HPA axis activity in young adults: trait, daily and momentary.
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Introduction

Loneliness is a feeling that emerges when social relationships are thought to be deficient, and
may arise from a perceived lack of intimacy or lack of companionship (Peplau and Perlman,
1982). Experiencing loneliness can include notions of isolation, disconnection, and “not fitting
in”. Loneliness has emerged as an important contributor to physiological stress processes and
physical and mental health outcomes (Cacioppo et al., 2003; Steptoe et al., 2004).

Scholars have examined the impact of loneliness on neuroendocrine, immune and
cardiovascular responses (Uchino et al., 1996). Loneliness is associated with higher blood
pressure (Cacioppo et al., 2002; Steptoe et al., 2004; Hawkley et al., 2006), and impaired or
underactive immune function (Pressman et al., 2005). Studies have found possible links
between loneliness and cancer (Fox et al., 1994) and a large epidemiological study found that
loneliness was associated with both morbidity and mortality (Herlitz et al., 1998; Seeman,
2000). Feelings of loneliness have been significantly associated with mental and physical
health outcomes independent of the size of one’s social network or social connections (e.g. see
Pressman et al., 2005; Nausheen et al., 2007).

Loneliness and cortisol

More recently, scholars have started to look at the effect of loneliness on the hypothalamic
pituitary adrenal axis (HPA axis) as indexed by cortisol levels (Cacioppo et al., 2000b; Steptoe,
etal., 2004; Adam et al., 2006). Much of this research has been on middle-age and older adults,
and yet late adolescents and young adults spend the most time alone, and feel lonelier, than
any other age group under the age of 60 (Larson, 1990; Rokach, 2001). To our knowledge only
three studies to date have examined associations between cortisol and loneliness in the college
or young adult years. Their results represented different time courses of loneliness experience
and varying measures of cortisol (Cacioppo et al., 2002; Pressman et al., 2005; Adam, 2006).
For example, Cacioppo et al. (2002) found elevated mean cortisol levels (based on measures
aggregated separately for morning, afternoon and evening) in chronically lonely college
students but did not find changes in the shape of diurnal cortisol rhythms across the day between
lonely and non-lonely students. They did not examine momentary or daily experiences of
loneliness. In contrast, Pressman et al. (2005) found that high levels of momentary or daily
experiences of loneliness were associated with elevated morning cortisol and elevated evening
cortisol. Adam (2006) found that being alone was associated with higher momentary cortisol
in an adolescent population.

While prior studies have examined both trait and momentary influences of loneliness on
cortisol, the importance of day-to-day variations in cortisol have only recently been brought
to light. A study by Adam et al. (2006) took the novel approach of examining how day-to-day
changes in emotional experience (including loneliness) related to day-to-day changes in
cortisol diurnal rhythms in older adults. Prior research has generally conceptualized this type
of daily variation in diurnal cortisol rhythms as error variation. However, Adam and her
colleagues found that emotional experiences and diurnal cortisol patterns covaried in
systematic ways. For example, experiences of sadness and loneliness on a particular day
predicted a higher cortisol awakening response the following morning.

Given that loneliness and cortisol have been related across multiple time scales in prior
research, a goal of the current study was to examine whether momentary state loneliness, day-
to-day variation in loneliness, or trait levels of loneliness were the strongest predictors of
cortisol activity. Momentary and daily state loneliness were measured using diary reports over
the relevant periods of time (moments, days) and trait loneliness was measured using a well-
validated trait loneliness questionnaire.
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Psychopathology and chronic life stress: potential mediators or moderators?

Method

Participants

Researchers have commonly acknowledged loneliness as a strong correlate of depression
(Shaver and Brennan, 1991; Segrin, 1998; Nolen-Hoeksema and Ahrens, 2002; Cacioppo et
al., 2006) and that there is great overlap in the constructs of loneliness and depression (Hagerty
and Williams, 1999). Studies have also found associations between chronic stress and cortisol,
finding stress to be associated with increased cortisol awakening responses (Pruessner et al.,
1997; Wust et al., 2000), and a flattening of the diurnal rhythm (Gunnar and Vazquez, 2001).
In this paper, we included major depression, momentary stress, daily stress and chronic
interpersonal stress in our models, to examine whether they mediated or accounted for any
loneliness-cortisol associations. It can also be hypothesized that having multiple
vulnerabilities, such as both loneliness and depression, or high loneliness and multiple life
events, might have multiplicative impacts on cortisol activity. As a result, we also examined
whether major depression or chronic life stress might have moderating (amplifying) effects on
any loneliness-cortisol associations.

In summary, this study sought to understand whether momentary or day-to-day changes in
loneliness or chronic, ongoing feelings of isolation and loneliness were more powerfully
associated with HPA axis activity. Multi-level linear regressions (HLM) were used to examine
these questions, as this approach allowed us to simultaneously examine momentary, daily and
between-person differences in cortisol levels in relation to loneliness experienced across each
of these three time frames. Several hypotheses were tested in this paper.

First, we hypothesized that youth with heightened levels of trait loneliness would have altered
diurnal cortisol rhythms, in particular flatter cortisol slopes across the waking day. Secondly,
we hypothesized that there would be day-to-day covariation between loneliness and cortisol
such that high levels of loneliness or sadness would be associated with an altered diurnal rhythm
the following day, specifically in the form of a higher cortisol awakening response. Finally,
we hypothesized that higher momentary lonely/sad (as well as higher momentary stress) would
be associated with higher levels of momentary cortisol.

Participants were recruited from two large public high schools—one in a Chicago suburb and
one in the greater Los Angeles area. Students participated in this study as part of their
involvement in a larger, longitudinal study on the development of mood and anxiety disorders.
Students were selected to participate in the longitudinal study based on their scores on the
Neuroticism scale of the EPQ-R (EPQ-R, Eysenck et al., 1975). In order to increase the number
of students in the sample at high risk for the subsequent development of mood and anxiety
disorders, students who scored in the upper third on this measure were oversampled, such that
two thirds of the participants in the study scored in the upper third on the EPQ-R. Although
the larger study was based at two sites, this paper only used data from a subset of participants
at the Chicago suburban site who participated in several subsequent waves of cortisol data
collection. Due to budgetary constraints, the youth from the Los Angeles suburban site were
not invited to provide multiple waves of cortisol data collection. There were 835 students
screened for the study at the Chicago suburban site. Of these, 588 were invited to participate
in the longitudinal study, 337 (57%) consented and 306 (91% of consented sample) completed
the baseline assessment. Of the study participants, a random subsample of 243 (79%)
participants was invited to participate in the cortisol task. Of those invited, 173 (71%) agreed
to participate and successfully completed the first wave of data collection. This study uses data
from the second wave of cortisol data collection (occurring approximately two years after initial
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screening), when measures of loneliness and compliance monitoring were introduced into data
collection.

Youth in this analysis include a subsample of 121 participants (81%) who were in the first
wave and agreed to participate in the longitudinal cortisol data collection. While there was
significant attrition, there were no race differences (Black: t = .84, p = .40; Hispanic: t = —.17,
p =.86; Multiple/Other: t = 1.47, p = .14; Caucasian: t = —1.06, p = .29) or gender differences
(t = .81, p = .42) between the sub-sample (N=121) and the original sample (N=173) who
completed the first wave of cortisol data collection. Exclusion criteria for the current analyses
were use of corticosteroid based medications (N = 9), pregnancy (N =1), or provision of
insufficient data (N= 2) which led to an analytic sample of 108 (27 male) with an average age
of 19.022 (SD = .437). Descriptive statistics on all measures are in Table 1.

Participants who agreed to take part in the longitudinal study were interviewed once a year
using the Structured Clinical Interview for DSM-IV (SCID; First et al., 2002) to determine
current and past diagnoses of mood and anxiety disorders. They also completed a life stress
interview about chronic and episodic stress (Hammen etal., 1987, Hammen 1991). Participants
in the longitudinal cortisol part of the study provided salivary cortisol and filled out diary entries
six times a day for three consecutive weekdays. We asked participants to avoid atypical days
such as days when important exams were taking place, birthdays, or vacations. Participants
were informed that, in addition to completing diaries and cortisol samples, they would also be
asked to wear a watch-like device that signaled them for sampling times. The watches were in
fact actigraphs (Actiwatch Score), which capture an ongoing record of movement across the
day, from which objective measures of waketimes, bedtimes and sleep quality can be
determined (see DeSantis et al., in press; Sadeh and Acebo, 2002). Participants were instructed
to put on the watch the night before starting the study and to leave it on until the morning after
the last day of the study. Participants were paid $30 for the completion of the second wave of
data collection and received an analysis of their sleep and activity patterns over their three days
of sampling.

Diary reports and saliva sampling—Participants were sent a study packet that included
the watch, three diary booklets, straws, a mechanical kitchen timer (to assist with the accurate
timing of the 30 minute post-awakening sample), vials and labels for the saliva sampling, and
a health/medical and sleep questionnaire. The study procedures were explained in detail by
phone. Participants also received a reminder call the night before they were to start the
procedure, during which procedures were reviewed and any remaining questions were
answered.

This study used amomentary diary method (Ecological Momentary Assessment (EMA); Stone
and Shiffman, 1994), which involved participants completing diary reports of where they were,
who they were with, and what they were thinking and feeling at selected moments in the course
of their everyday lives. The diary reports also asked youth specific questions regarding the
intake of caffeine, alcohol, food, medication or nicotine in the last hour and whether they had
taken a nap or had experienced pain in the last hour. Participants were asked to fill out a diary
form immediately as they woke up, thirty minutes afterwards, at bed time, and three other times
throughout the day when signaled by the watch. Participants also provided samples of saliva
(to be assayed for cortisol) in conjunction with each diary report.

Participants wore the watches that were preprogrammed to beep to signal the three midday
diary entries. These beeps occurred at approximately 3 hours, 8 hours, and 12 hours after
participants’ typical wakeup times. This timing was chosen to best model the shape of the
cortisol diurnal rhythm while avoiding the post-prandial surges associated with meal times.
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The mid-day beeps were set to vary from day-to-day around the above-mentioned times (within
plus or minus % hour) so that the exact timing of the signal would be unanticipated by
participant.

Monitoring compliance—Compliance with the timing of the morning cortisol sampling in
relation to objective waketimes were assessed, as noncompliance as been shown to influence
estimates of cortisol parameters (Kudielka et al., 2003). In particular, recent work has shown
the improper timing of samples relative to actual waketimes influences estimates of the cortisol
awakening response (Dockray et al., 2008). Compliance was determined by comparing
actigraph estimates of participant wake times with when they reported completing their
morning saliva samples. Participants were considered “compliant” if they provided their
wakeup samples within =5 to 5 minutes of the actigraph wake times and the wakeup + 30 min
sample 25-35 minutes after the actigraph wake time (for additional details see DeSantis et al.,
in press).

Cortisol—Cortisol was collected by passive drool; participants expelled saliva through straws
into a sterile 2 mL cryogenic vial. They wrote the exact date and time of the sample on a label
and affixed the label to the vial. Completed samples were returned to the laboratory by courier.
Once returned to the laboratory, samples were refrigerated at —20 degrees Celsius until they
were sent by courier to the Biochemisches Labor at the University of Trier, Germany to be
assayed. Cortisol values are not significantly affected by transport over a period of several days
without refrigeration (Clements and Parker, 1998). Samples were assayed in duplicate, using
a competitive solid phase time-resolved fluorescence immunoassay with fluorometric endpoint
detection (DELFIA). Fluorescence was detected using a DELFIA-Fluorometer (Wallac, Turku,
Finland).The intra-assay coefficient of variation was between 4.0% and 6.7%, and the inter-
assay coefficients of variation were between 7.1% and 9.0%. Cortisol values were natural
logarithmically transformed prior to analysis to correct for a strong positive skew in the cortisol
distribution.

Trait Loneliness—Youth completed a shortened version of the Revised UCLA Loneliness
Scale (R-UCLA,; Russell et al., 1980) for use in large scale surveys which has been validated
in several studies (Hughes et al., 2004). The three item scale asked “how often do you feel that

”

you lack companionship”, “how often do you feel left out” and “how often do you feel isolated
from others”. Participants could circle “hardly ever”, “some of the time”, or “often”. An average
score was created by summing all of the items with higher scores indicating greater loneliness

and then standardized. In this sample, the alpha of the scale was .84.

State Loneliness and State Stress—Participants were asked to indicate in their diary
reports how much they felt each of the following mood states when they were beeped: happy,
tired, friendly, cooperative, nervous, lonely, sleepy, active, frustrated, hardworking, alert,
caring, worried, relaxed, irritable, stressed, determined, sad, cheerful, and productive. Each
mood state was rated on a scale of 0 (not at all) to 3 (very much). The items were subjected to
a principal axis factoring, using an oblimin rotation. Five factors emerged and we used two
unit-weighted factors in our analysis as they were our mood states of interest: lonely/sad
(lonely, sad; a =.70) and nervous/stress (nervous, frustrated, worried, irritable, stressed; a=".
75). Both factors were positively skewed so were natural log transformed for all analyses. The
factor lonely/sad was our primary construct of interest however nervous/stress was included
to ensure that we were detecting cortisol associations that were specific to loneliness rather
than a general negative affective state. Momentary and daily averages of these variables were
used in analyses.
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Chronic Interpersonal Stress—Participants completed an interview about chronic and
episodic stress during their diagnostic assessment. Chronic interpersonal stress was assessed
using a semi-structured interview developed by Hammen (Hammen et al., 1987; Hammen
1991) The interview assessed participants’ level of functioning over the last year in ten life
domains. We focused on the interpersonal relationship domains of close friendships, social
group relations, romantic relationships, and relations with family members because functioning
in interpersonal relationships has been related to cortisol functioning in past research (Adam
and Gunnar, 2001). Each domain was rated by the interviewer on a five point scale that indicates
the severity of chronic stress in that domain, with 1 indicating exceptionally good functioning
and no stress in the domain, and 5 indicating extreme adversity and impairment. The average
level of chronic interpersonal stress across the two years prior to cortisol assessment was used.
Inter-rater reliability was assessed by having trained interviewers listen to recordings of a
subset of life stress interviews. Across the four domains of chronic interpersonal stress, intra-
class correlation coefficients ranged from .65 to .80 (n = 38). Inter-rater reliability for a
composite of the four domains of interpersonal stress was .78 across all pairs of coders.

Clinical, Demographic and Health Covariates—The Structured Clinical Interview for
DSM-IV (SCID; First et al., 1995) was used to determine current and lifetime psychiatric
diagnoses of anxiety, mood, psychotic, alcohol and substance use, somatoform, and eating
disorders. The SCID has demonstrated adequate reliability (Skre et al., 1991; Williams et al.,
1992) and is widely accepted and used in clinical research. In this analytic sample, there were
five participants who had been diagnosed with clinical MDD during the days of cortisol testing.

Several demographic characteristics and medical controls were included in the model.
Dichotomous race dummy variables (Caucasian as the excluded group) were included as
previous literature has demonstrated that African Americans have a flatter diurnal rhythm
(flatter slopes from wake-up to bedtime) (DeSantis et al., 2007; Cohen et al., 2006). Other
known covariates of cortisol are gender, birth control (e.g., Meulenberg et al., 1987), stage of
the menstrual cycle (follicular: days 1-13 of the menstrual cycle), alcohol use, caffeine use
(Lovallo et al., 2005), nicotine use (Kirschbaum et al., 1992), physical exercise (Jacks et al.,
2002), sleeping or napping, wake time, and pain. Of these, only gender, birth control, follicular
menstrual stage, caffeine use, nicotine use and wake time were significantly related to cortisol
in preliminary analyses; these were retained as covariates in our analyses. An intercorrelation
matrix of all dependent and independent variables and covariates is provided in Table 2.

Analytic Plan

After presenting basic descriptive statistics and intercorrelations among our key variables,
associations among state and trait loneliness and cortisol were tested using three-level
hierarchical growth curve models to account for the nesting of moments within days and days
nested within persons (Raudenbush and Bryk, 2002; Singer and Willett, 2003; Adam et al.,
2006). In these models, which are described in greater detail below, levels of cortisol for each
person at each moment was the outcome variable, and was predicted by both moment-level
predictors (Level 1), day-varying predictors (Level 2), and stable individual differences (Level
3). Lag models were introduced at the day level following previous work by Adam et al.
(2006). Mood states measured the day before (prior day) as well as those measured the day of
(same day) each day of cortisol sampling were included at Level 2, predicting changes in
diurnal cortisol measures from day-to-day. It should be noted that while we used three days of
emotion data, only two days of cortisol data (maximum of 12 data points) could be included
per participant as we did not have mood data available for the day before the first day of testing.

Model—First, an unconditional model was created looking at the distribution of variation of
log cortisol across moments, days and persons. Next, an equation was created to model the
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shape of each person’s diurnal rhythm and the size of their cortisol awakening response. A
time variable indicating how long since waking the sample was given was included. This
variable was constructed by subtracting the wake-up time from the exact time of each sample
such that time could be interpreted as 0=wake-up, .5=wake up + 30, 2.5=2.5 hours after waking,
etc. A time since waking squared parameter was also included to better model the acceleration
and curvilinearity rate of decline and shape of the cortisol diurnal curve from waking to
bedtime. A dummy variable representing the CAR sample (1=sample taken 30 minutes after
waking) was included at Level 1 to model the positive deviation of the CAR cortisol value
from the waking-to-bedtime diurnal curve, a reflection of the size of the cortisol awakening
response. In this model, mpjj, the intercept, represented each person’s average cortisol level at
wake-up, myjj reflected each person’s CAR, and mp;; and msjj together reflect each person’s
average slope across the day from wake up to bedtime (excluding the CAR). The full models
including all independent variables and covariates are shown below.

Cortjj=mij+71;]CARjj+7p5 TimeSince Waking ; +n3ijTimeSinceWaking2[ij

+m4ijLonely/Sad,

Booj

Results

i 7S Nervous/Stressjj+e; Level 1

70i=Poo+Bo1 WakeupCompliance+S, Nervous/Stress+
BosLagNervous/Stress+p,Lonely/Sad+p,sLagLonely/Sad
mi=Pio+B11CARCompliance+f3,,Nervous/Stress+4, ;LagNervous/Stress
+B1sLonely/Sad+3,sLagLonely/Sad+p5;

m2i=P20

m3i=B30

74=Bao Level 2

through ﬁ40j:yooj+y01jTraitLonelinessmj+702jClinicalMDD0ij+
Yo3jChronicInterpersonalStress,; i Y04 Youthg; +
YosiMedical/Clinical p;;+vog; Level 3

These analytic techniques allowed us to observe within-person changes in cortisol as predicted
by moment-to-moment changes in feeling lonely/sad, day-to-day changes in cortisol diurnal
rhythms as predicted by day-to-day changes in feeling lonely/sad, and whether trait loneliness
was related to the average or typical diurnal cortisol rhythm across the days of testing. It also
allowed us to test the extent to which the strength and direction of these associations was
modified by characteristics of the individual, including presence of MDD, chronic stress,
gender, race, and age. Furthermore, we captured the three time courses simultaneously in one
model thus illustrating the independent contributions of each time course of loneliness.

Descriptive statistics for our primary independent and dependent variables and covariates are
presented first (Table 1) and followed by simple correlations among these variables (Table 2).
Next, the multilevel models that are our primary analysis are presented and summarized in
Table 3.

Descriptives (Table 1)

Demographic and Health Controls—Our sample consisted of 58 Caucasian youth
(53.7%), 22 African American youth (18.2%), 7 Hispanic youth (5.8%) and 21 multiple race/
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other race youth (17.4%) with a mean age of 19.02 (SD = .44). Twenty-five females in our
sample were using oral contraceptives (23% of total sample). Twenty-three females (25% of
total sample) were in their follicular stage of their menstrual cycle. Over the three days of
testing, 17% of our sample smoked cigarettes prior to at least one of their cortisol samples and
48.2% of the sample had caffeine prior to at least one of their cortisol samples. The mean level
of chronic interpersonal stress in the sample was 2.3 (SD = .34) on a scale of 1-5, with 1
indicating the most optimal relationship and 5 indicating the most stressful. There were no
significant differences by gender or race.

Trait Loneliness and Momentary Lonely/Sad Factor—The mean level of trait
loneliness was 2.07 (SD = 1.7) on a scale of 1-6 with 1 indicating no feelings of loneliness and
6 indicating high levels of loneliness. There were no differences by race, but males reported
higher levels of loneliness than females (t = 2.80, p <.10) with males reporting average levels
of 2.50 (SD = 1.3) and females reporting average levels of 1.86 (SD = 1.8). The mean level of
diary reported momentary lonely/sad across all moments and youth was .38 (SD = .6) on a
scale of 0-3. There were no differences in momentary loneliness by race, gender or day of
testing.

Intercorrelations among Covariates, Independent Variables and Cortisol (Table 2)

Several of the health and demographic controls were significantly associated with the size of
the cortisol awakening response. There were statistically significant differences in the CAR
by gender (r = —.21, p <. 05) indicating that males had smaller awakening responses than
females. Nicotine consumption was also negatively correlated with the CAR (r =-.19, p <.
05), such that a lower awakening response was associated with higher levels of nicotine
consumption. There were also racial differences; African American youth (n =21) had smaller
cortisol awakening responses than adolescents in other race categories (r = —2.37, p <.05).
Trait loneliness was positively associated with momentary lonely/sad (r = .27, p < .05),
momentary nervous/stress (r = .19, p <.05) and chronic interpersonal life stress (r=.21,p <.
05).

Multilevel Models of Cortisol, Loneliness and Covariates (see Table 3)

Allresults are presented in Table 3. The outcome of interest, cortisol level, was log transformed,
thus the effect sizes for all of the variables with the exception of the momentary mood factors
can be interpreted as a percent change per one unit change in the independent variable after
utilizing the following formula: B%change = ((e"3)—1). The momentary mood factors are log
transformed therefore the effect sizes can be interpreted as % change when there is a 1% change
in the mood factor.

Participants showed the expected diurnal pattern of high morning levels (yggo = 1.913, p<.001;
equivalent to 7.038 nmol/l), and a decline in cortisol across the day (y»gg = —.091, p <.01) ata
rate of 9.5% per hour at waking. They also showed an approximately 66.3% (y19p = -509, p <.
01) rise a half hour after waking (the CAR awakening response). The quadratic term was not
significant (y3gp = .001, p = n.s.), but we kept this in the model because it has been found to
be important in prior research (Adam and Gunnar, 2001).

Trait loneliness (see Figure 1)—Trait levels of loneliness were associated with several
parameters defining the shape of the diurnal cortisol curve. Higher levels of trait loneliness
were associated with flatter diurnal cortisol slopes (y2p1 = .020, p <.05) and less curvilinearity
of the rhythm across the waking day (y3pg = —.001, p < .05). These effects were significant
even when controlling for momentary, prior day and concurrent day levels of lonely/sad and
nervous/stress.
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Current Day and Prior Day Lonely/sad—Higher prior day feeling lonely/sad was
significantly associated with a greater CAR the following morning (B14 = .477, p <.05; 4.77%
increase per 10% increase in lonely/sad) whereas levels of lonely/sad on the same day that
cortisol was measured, and prior day levels of nervous/stress were not. In addition, prior day
feeling nervous/stress were associated with lower average wake up levels of cortisol (Bg = —.
205, p < 10), while measures of lonely/sad were not significantly associated with waking levels
of cortisol. This indicates that it is prior day, not concurrent, feelings of loneliness or stress
that appeared to have an impact on next morning cortisol. These results were significant even
when time of waking each day, and compliance with the timing of the wakeup and CAR
samples, relative to objective waketimes, were included in the model, such that the differences
cannot be attributed to later wake times or noncompliance with cortisol procedures. While not
shown here, average levels of feeling lonely/sad or feeling nervous/stress across all three days
were not significantly associated with average cortisol slopes. In short, it was the dynamic
changes in these variables from day-to-day that predicted alterations in cortisol.

Momentary Lonely/sad—Neither momentary levels of lonely/sad nor momentary levels of
nervous/stress, on average for all individuals, were significantly associated with momentary
elevations of cortisol (deviations in cortisol above each person’s expected level for that time
of day) (Il = .062, p = n.s.; Il5 = .031, p = n.s.). However, the association between momentary
lonely/sad and cortisol was modified by levels of chronic interpersonal life stress. Youth who
experienced one standard deviation higher levels of chronic interpersonal life stress had higher
levels of cortisol above their own expected levels for that time of day (IT4 = .062, p = n.s.)
when they were experiencing higher momentary loneliness/sadness (y4q2 = .161, p <.10). A
surprising result was that trait levels of loneliness also moderated the state lonely/sad-cortisol
association (y401 = —.099, p < .05) indicating that while on average most youth experienced
higher levels of cortisol when feeling acutely lonely/sad, youth with higher trait levels
(experience feelings of loneliness more frequently) actually experienced lower levels of
cortisol when they were reporting momentary lonely/sad feelings.

Covariates—Including of the covariates did not change the results substantially, but revealed
some additional associations. Experiencing a major depressive episode (MDD) during the days
of testing appeared to be associated with significantly flatter slopes across the waking day
(y202 = .209, p < .05). Depressed youth had about 23.2% flatter slopes than youth without the
presence of the disorder, however it should be noted that there were only 5 youth in this
category. Additional analyses conducted on the subsample of youth (N=103) that did not have
MDD produced similar results as those presented here. Momentary levels of cortisol were
elevated in youth who were 1 SD higher in chronic interpersonal life stress when experiencing
moments of lonely/sad (ys403 =.132, p <.10). Prior day feelings of lonely/sad predicted similar
increases in the CAR the next day (B4 = .518, p < .05; 5.18% increase per 10% increase in
lonely/sad). Trait loneliness predicted flatter cortisol rhythms (y,01 = .020, p <.05).

Average levels of chronic interpersonal stress did not significantly predict any of cortisol
parameters beyond it’s interactions with state loneliness noted above. Males, on average, had
a smaller CAR than their female counterparts (y1o7 = —.207, p =.10) which has been
demonstrated in previous literature. Hispanics also had a smaller CAR than their non-Hispanic
white counterparts (y10g = —361, p <.10). Nicotine use predicted a greater deceleration of
cortisol across the day (y308 = —.309, p < .05). Lastly, being multi-racial or identifying as
“other race” was associated with lower levels of cortisol during moments when feeling lonely/
sad (ys05 = —.795, p < .05) and lower cortisol when feeling higher levels of stress (y5o5 = —.
385, p <.05) as compared to their Caucasian counterparts.
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Discussion

This study found three different dynamic pathways through which loneliness is associated with
cortisol activity. It is particularly notable that loneliness was associated with altered cortisol
activity over three different time courses. We found clear support for our first hypothesis that
youth with high levels of trait or chronic loneliness would have flatter slopes across the waking
day. This association was independent of the presence of MDD or high levels of chronic
interpersonal stress, both of which have previously been related to flatter diurnal cortisol slopes
(Schildkraut et al., 1989; Adam and Gunnar, 2001; Peeters et al., 2004). Flat slopes have been
interpreted by some to be an indication of chronic stress (Miller et al., 2007), and as such, it
makes sense that trait loneliness would be related to this particular aspect of cortisol
functioning, as trait loneliness reflects a chronic interpersonal stressor (Cacioppo et al.,
2003).

Similarly, we found support for our second hypothesis that high daily levels of lonely/sad are
associated with an altered diurnal rhythm the following day. Even when controlling for
concurrent day feelings of lonely/sad, prior day levels were associated with a 30% increase in
the cortisol awakening response the next morning. Furthermore, these findings were
independent of the effects of day-to-day changes in feeling nervous or stressed -- another type
of negative affect typically thought to be associated with cortisol. This prior-day loneliness
predicting next-day CAR finding replicates Adam et al.’s (2006) findings in older adults that
prior day increases in loneliness and sadness predicted a greater cortisol awakening response
the following morning. Our findings thus add further evidence in support of the “boost”
hypothesis that Adam et al. (2006) proposed. This hypothesis suggests that an increase in the
CAR, in response to adverse prior-day social experience, such as loneliness, may provide an
extra energetic “boost” to help the individual meet the demands of the next day. Another
possible interpretation is that an increased CAR the next day is evidence of a prolonged stress
response and may signify a maladaptive rather than adaptive reaction. Studies have shown
associations between increased CAR and chronic stress (Schulz et al., 1998; Pruessner et al.,
1999) as well as greater risk for MDD (Adam et al., 2008).

For youth who experienced high levels of feeling nervous/stressed however, they had lower
than average wake-up levels. It seems that there were two different mechanisms at work,
depending on the type of emotional strain experienced the day before. Feelings of lonely/sad
caused the body to increase the cortisol awakening response, perhaps preparing and activating
the body such that it can more effectively deal with the upcoming demands of the day, and
helping to promote interaction with the social world (Adam et al., 2006). In contrast, feeling
worried and stressed seemed to predict lower wakeup levels (but not the CAR); here we
hypothesize that the body may be buffering against possible stress-related activations and thus
the lower wake up values are promoting social withdrawal rather than engagement. In the
Adam et al. (2006) study of older adults, low wakeup levels were associated with greater fatigue
later that same day, suggesting that morning cortisol levels can have implications for the
individuals’ experience of and approach to the upcoming day. Future research is needed,
however, to test these hypotheses and to differentiate between the behavioral impact of
variations in wakeup cortisol values as compared to variations in the CAR.

We also found partial support for our third hypothesis that momentary loneliness was
associated with higher levels of momentary cortisol. Specifically, youth who experienced
higher levels of chronic interpersonal stress were significantly more reactive to momentary
feelings of lonely/sad—almost 20% larger response than youth who experienced average levels
of interpersonal life stress. Youth who high levels of interpersonal stress in their life had
significantly larger cortisol increases above their normal diurnal rhythm at moments when they
were feeling particularly lonely or sad than youth with lower levels of interpersonal stress.
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Youth did not, on average, have significant increases in momentary cortisol in moments when
they felt higher levels of nervous/stress. This was contrary to previous work which has shown
that high levels of anger, tension, nervousness and stress were related to momentary increases
in cortisol levels (van Eck et al., 1996; Peeters et al., 2003; Pressman et al., 2005; Adam,
2006) in both adolescent and adult populations.

Of great interest is the question of how the three time scales of associations between loneliness
and cortisol may be related. Are these three independent mechanisms affecting the HPA, or
might the small acute changes in cortisol in response to state loneliness contribute over time
to the more dramatic changes to the diurnal rhythm we see in the association between trait
loneliness and cortisol? For example, is it possible that repeated higher awakening responses,
among individuals with frequent daily experiences of loneliness, might contribute to more long
term alterations in the HPA axis such as flattened diurnal rhythms? Given prior associations
between flattened diurnal rhythms and health outcomes (Rosmond and Bjorntorp, 2000;
Sephton et al., 2000), these longer term changes may, in turn, be one mechanism by which
loneliness is linked to poor physical or mental health outcomes.

In addition to our primary variables of interest (state and trait loneliness), several additional
variables and covariates were significantly associated with HPA axis activity. Having current
MDD was associated with a flattening of the diurnal rhythm independent of the effects of
loneliness. Although these findings are consistent with past research (Dahl et al., 1991), there
were only five youth in our sample with MDD. We therefore hesitate to draw strong conclusions
regarding these findings, beyond the fact that the associations between loneliness and cortisol
obtained in the current study were not attributable to the presence of clinical depression in
some youth.

Recent research on HPA axis functioning has demonstrated the importance of looking at
demographic variables, such as gender and race (e.g., see DeSantis et al., 2007), as well as the
importance of looking at compliance with sampling procedures in naturalistic settings
(Kudielka et al., 2003), and controlling for confounding health and lifestyle variables such as
medication use and nicotine intake (Meulenberg et al., 1987; Kirschbaum, 1992; Jacks et al.,
2002; Lovallo et al., 2005). In this analysis, few subgroup differences emerged. Males had a
smaller cortisol awakening response than their female counterparts, about 30% smaller.
Hispanics also had an approximately 30% smaller CAR than their non-Hispanic white
counterparts (p <.10).

There are several limitations to this study. Our findings are longitudinal, but only over a very
short time frame — three days. Future longitudinal research will need to examine whether short
term momentary and daily alterations in cortisol might evolve into long term chronic pathways
over the course of months and years. Secondly, we were restricted to only having three days
of data within which to examine day-to-day variations in emotional experience and cortisol.
Future research should work to gather cortisol, emotional and social environmental data on
more than three days such that there is greater predictive power in modeling day-to-day
variations. A last limitation is that our momentary construct of loneliness also included the
emotion of sadness, and thus we can not disentangle the effect of feeling lonely and not sad.
However, given that these constructs were highly correlated within our sample, it was not
possible to parse out their individual contributions to cortisol activity in this study.

The evidence provided in this paper on the dynamic associations between loneliness and
cortisol relates to work that has been done on social contacts and cortisol hormone regulation.
Studies by Stetler and her colleagues (Stetler et al., 2004; Stetler and Miller, 2005)
demonstrated that having higher levels of social contacts was associated with steeper cortisol
slopes across the day. Similarly, Adam and Gunnar (2001) found that perceived quality of
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social relationships, including security of attachment, was associated with stronger diurnal
cortisol slopes. Taken together, the findings on social contacts and the present study findings
regarding loneliness illustrate that social regulation of the HPA axis stems not only from the
external number of contacts, but the perception of the quality of these contacts.

This investigation illustrates one possible pathway through which our social environment and
our interpretation of our social environment influence our physiology, in particular the HPA
axis and cortisol. Future research should continue to unpack the biological underpinnings of
various chronicities of loneliness and their subsequent impacts on health. This study of young
adults found that feelings of loneliness and sadness can impact the HPA axis in differing ways
across multiple time scales - in the moment, from day-to-day and over long periods of time. It
will be vital to continue to measure, model and study these associations appropriately within
naturalistic settings. By doing so, we can better understand how the biological pathways by
which social experiences such as loneliness can relationship impact long term physical and
mental health outcomes.
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Figure 1.
Average cortisol rhythms across the waking day by trait loneliness
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Descriptive Statistics for Dependent and Independent Variables (N=108)

Table 1

Variable Mean SD Minimum Maximum

Average Waketime Cortisol nmol/L 8.256 6.307 0.100 49.350

Average Wake + 30 min. Cortisol 13.404 7.850 0.100 49.730

nmol/L

f\verage Wake + 3 hr. Cortisol nmol/ 7.523 5.739 0.100 48.760

ﬁverage Wake + 8 hr. Cortisol nmol/ 5.067 5.144 0.330 49.610

ﬁverage Wake + 12 hr. Cortisol nmol/ 3.488 3.942 0.170 28.480

Average Bedtime Cortisol nmol/L 3.425 5.549 0.040 49.870

Cortisol Awakening Response 5.407 7.302 —18.210 22.760

Time Since Waking 6.420 6.210 0.000 23.080

Sad Lonely Factor 0.383 0.603 0.000 3.000

Nervous Stress Factor 0.760 0.661 0.000 3.000

Loneliness Scale 2.020 1.691 0.000 6.000

Chronic Interpersonal Stress 2.264 0.342 1.750 3.690

Caffeine 0.070 0.132 0.000 0.800

Smoking 0.030 0.104 0.000 0.690

Age 19.022 0.437 17.940 20.110
Percentage SD N

Clinical Major Depression 4.1% 0.207 5

Oral Contraceptive Use 23.1% 0.435 28

Follicular Stage 19.0% 0.205 23

Male 22.3% 0.241 27

African American 18.2% 0.196 22

Hispanic 5.8% 0.063 7

Multiple/Other Race 17.4% 0.188 21

Note: Raw cortisol values (nmol/L) are presented for descriptive purposes but log transformed values are used in all analyses
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Loneliness and Cortisol: Three Level Model (N = 108)

Table 3

Fixed Effects Coefficient SE Interpretation
Wakeup Cortisol Level, TI0
Average wakeup cortisol level,300
Level 1 Intercept, y000 1913 .0642 awakening level = 7.038 nmol/L
Level 2 Same Day Nervous/Stress, f01 -.074 .066 n.s.
Level 2 Prior Day Nervous/Stress, 302 —.205 107 2% decrease per 10 % increase in Nervous/
Stress
Level 2 Same Day Lonely/Sad, 03 =172 142 n.s.
Level 2 Prior Day Lonely/Sad, p04 —-.200 134 n.s.
Trait Loneliness, y001 —-.039 .044 n.s.
Cortisol Awakening Response, IT1
Average size of CAR, B10
Level 1 Intercept, y100 509™* .062  66.3% increase in cortisol at CAR sample
Level 2 Same Day Nervous/Stress, p11 —-.149 115 n.s.
Level 2 Prior Day Nervous/Stress, 312 197 215 n.s.
Level 2 Same Day Lonely/Sad, p13 142 .269 n.s.
Level 2 Prior Day Lonely/Sad, 14 AT7 203 4.77% increase perlSOL/oincrease in Lonely/
al
Trait Loneliness, y101 .020 .039 n.s.
Time Since Waking, 112
Average slope at wake at wakeup, 20
Level 1 Intercept, y200 —091™* 014 9.5% decrease per hour at awakening
Trait Loneliness, y201 020" .010 2% flatter
Major Depressive Disorder, y202 209" .089 23.2% flatter
TimeSinceWaking2, 13
Average asymptotic slope, 3
Level 1 Intercept, Y300 .001 .001 n.s.
Trait Loneliness, y301 —001* .000 .01% less
Momentary Lonely/Sad, 114
Average momentary sad-lonely factor, p40
Level 1 Intercept, y400 .062 .087 n.s.
Trait Loneliness, y401 —0.99% .049 10.4% decrease per 1 SD increase
Chronic Interpersonal Stress, y402 161+ .094 17.5% increase per 1 SD increase
Momentary Nervous/Stress, I15
Average momentary nervous-stress, 50
Level 1 Intercept of Momentary Stress, Y500 .031 .057 n.s.
Trait Loneliness, y501 .006 .039 n.s.

*
Note: p<.05
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Fk

p<.01

All'l Level 1 predictors are uncentered. Chronic Interpersonal Stress and Major Depressive Disorder are included as covariates for each parameter
but only shown when significant. Also controlling for nicotine use, caffeine use, oral contraceptive use, follicular stage, race/ethnicity, waketime,
compliance at wake up and 30 minutes post wake up. All cortisol levels and mood factors have been log transformed.
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