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Introduction

Both cortisol level changes and sleep disturbahegs been associated with many disorders
thought to include an element of disordered reguiadf the hypothalamic-pituitary-adrenal
(HPA) axis, a mediator of stress respohédiowever, findings regarding the existence and
direction of cortisol changes and sleep disturbamedoth healthy controls and subjects with
HPA-related disorders have been inconsistent. Jtidy presents the results of an analysis of
the relationship between nocturnal cortisol lewald sleep disruption in a sample of women

with irritable bowel syndrome (IBS).

Normal cortisol secretion follows a diurnal cyckaching its lowest level during the first part of
the night, followed by a steep rise during theelaiart of the sleep cycfeThis basal activity is
governed by an internal circadian clock, and isatile in nature, with individual peaks
detectable throughout the diurnal profife® When a perceived threat or challenge activates the
HPA neuroendocrine stress response system, a eascadtiated beginning with the release of
corticotropin-releasing hormone (CRH) from the hyyadamus and continuing through the
release of adrenocorticotropic hormone (ACTH) fribva pituitary to the final release of cortisol
from the adrenal cortex, superimposed on the tmsduction’*?°In normal subjects, a stress-
related increase in cortisol secretion tends tibbbewed by a negative-feedback induced
compensating decrease, resulting in a homeostatieation that keeps overall 24-hour cortisol
within a normal rang& Some factors that have been shown to affect cbtésels include age,

sleep quality, “persisting pain,” and perceive@ss; but not BMf:*1213

There is conflicting evidence regarding cortisahighes in many disorders where HPA

dysregulation is known or suspected. Reduced cbtiss been reported in subjects with
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depression, post-traumatic stress disorder (PT&) fibromyalgia (FM), as well as chronic

fatigue syndrome (CFS) and chronic pain syndroffé&>, *°, ', 18 Other studies have found no
difference between cortisol levels in controls antjects with PTSD or CFS, *” Elevated
cortisol has been reported in FM, depression, PsiDary insomnia, restless leg syndrome
(RLS), and panic disorder, and separately in meh depression and women with comorbid
depression and PTSE).4, 91419 2021122 23 24 gome guthors have suggested that these
discrepancies may be partly explained by a prosesse prolonged stress may result in
overproduction of cortisol (hypercortisolism) iretBhort term, but eventually lead to decreased
cortisol and reduced responsiveness (hypocortispfi&2°This is supported by a finding that
among subjects with FM, there was a trend for sollievels to be lower with longer duration of

diseasé!

Conflicting results have also been found with regarsleep disturbances in HPA-related
disorders. Depression has been linked to diffictdting asleep, frequent awakenings and early
morning awakening, and reduced sleep efficieAéy>°% Lower sleep efficiency has also been
reported in subjects with attention deficit hypénaty disorder (ADHD), PTSD, IBS, CFS and
FM, compared to healthy controf§,*31343%36 37 One study reported a trend for subjects with
FM to have more frequent arousals than conffotéowever, other studies have found no
differences in sleep quality or architecture folSBTsubjects compared to controls, and have
reported that while self-reported sleep quality weticed in subjects with IBS, PTSD, and CFS,
objective measures of sleep quality did not diffetween patients and contrdfg?3°4 17.2>

Rather, the self-reported sleep problems and tbe gmrelation between self-reported and

objective sleep symptoms were attributed to a teppbias on the part of patients suffering

from stress-related disorders'
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A number of studies have examined the relationbbtpreen cortisol and sleep in normal

subjects, with varied results. One study found éxgterimental sleep fragmentation resulted in
increased morning serum cortisol levels, while aofound that experimental awakenings
reduced total plasma cortisol and a third found éx@erimental awakenings first increased, then
decreased cortisol, resulting in no net changevéral mean nightly concentratidn??,*> Some

of these discrepancies may be attributable at Iegsdrt to intra- and inter-individual variabiljty
both in natural cortisol production and in HPA resgiveness to sleep disruption, as suggested
by the finding that approximately 25% of healthgliinduals do not display increased cortisol
after awakening$*° Timing of awakenings may be an important factathie sleep-cortisol
relationship; in one study, arousals during thedgid eye movement (REM) period did not
induce a cortisol burst, while in another, arougstiage 1 sleep and awakenings) mostly
occurred when cortisol levels were increagifiyDuration of awakenings may play a role as
well, since cortisol increases were found in onelgto be associated with prolonged
awakening$? Further complicating the picture is evidence sstjgg that HPA activation may
drive sleep disruption instead of, or in additiongleep disruption driving HPA activation. For
example, nocturnal cortisol peaks induced by ig@@&CTH are followed by increased
awakenings, experimentally elevated CRH resultaddreasing light sleep and wakefulness,

and elevated evening cortisol levels raised thebmirof awakenings later in the night.

2,15,4647 48 24

In subjects with stress-related disorders, varsdlits have been reported for associations of
sleep disruption and cortisol. In subjects with Fidor sleep has been associated with cortisol
levels that were increased, decreased, or unch&tij@&bth nocturnal awakenings and elevated

nocturnal cortisol were reported in subjects wiltfSP and those with panic disorder, as well as
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&% 2% |n RLS, higher nocturnal cortisol was correlatathw

subjects with primary insomni
the number of awakening3Disturbed sleep and hypocortisolism have beenddmrsubjects
with CFS? In depressed subjects, disturbed sleep has bsecia®d with both elevated and

reduced nocturnal cortis®i,*°

Additional studies that carefully examine the agsitan between sleep disruption and nocturnal
cortisol levels in specific populations are neettedientify where such associations exist and the
direction and magnitude of those associationsuding whether sleep disruption appears to play
a major or minor role in mediating the effect oé ttisorder on cortisol levels. Examinations of
the temporal relationship of nighttime awakeningd aocturnal cortisol levels may also help to

clarify the causal relationships between sleepudisince and HPA activation.

This thesis is a secondary analysis of data fratudy of nocturnal cortisol and catecholamine
levels in women with IBS and normal controls. Distaif the study’s sample and methods have
been published in Burr et al., 20009n brief, 31 healthy controls and 30 women with a
diagnosis of IBS spent two acclimatory nights ie siteep laboratory and on the third night had
blood samples collected through an intravenousdirery 20 minutes, which were analyzed for
plasma cortisol levels. Polysomnographic recorditmgether with study nurse notes, provided
detailed information on sleep stage and arousadsiginout the period of sample collection. The
primary aim of this thesis is to assess whethapstisruption plays a mediating role in the
relationship between IBS and nocturnal cortisoélevThe secondary aims are to conduct
exploratory analyses, first, to assess the effieatiditional covariates on the mediation results,

and second, to examine the temporal relationshipofurnal awakenings and cortisol changes.



M ethods

Choice of mediation methods

The goal of the mediation analysis was to invegtigéhether there was an indirect relationship
of IBS to nightly cortisol levels mediated througjeep disruption. This was complicated by the
nature of the data: multilevel, longitudinal outasy(multiple cortisol measurements over time
for each subject) and a nominal categorical predigBS subtypes). Finding mediation methods
to deal with either or both of these issues wdsadlenge. Traditional mediation methods rely on
the predictor variable being continuous or binarfile the only method | could find (based on a
paper still in review) to deal with a categoricedgtictor was not designed to deal with multilevel
data. For my primary analysis, | ended up usingediation method that was a variation of the
categorical method, modified to accommodate thgitadinal outcomes. | then conducted
sensitivity analyses using the original categonpraldictor method and multiple traditional

mediation methods.

Description of mediation methods

The categorical predictor method is describedpager by Hayes and Preachdihe method is
based on two models where the categorical prediatbrk levels is represented Byl indicator
(“dummy”) variables, e.g.,P... B.1. The first model has no mediator variable andesgnts the
total effect of each predictor indicator on the outcome, Ys@®marized by the pathway

c:
diagram I.D—l> Y. The effects are numbered to match the indicedoiablesc; ... c.1. The

second model contains a mediator variable, M, abttie predictor may be associated directly

cli
with the outcome as above 631 Y) or indirectly through the mediator, with a twtep
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a; b
pathway: P —SM - Y. The pathways representing the effects of tlegliotor indicators on the

mediator are again numbered to match the indicaors. ax.;. However, in this model there is
only a single pathwaya, representing the effect of the mediator on thte@ue (this assumes
that the mediator is not also categorical; if irgyea more complicated model with multife
pathways would be necessary). The total effech@firedictor indicators on the outcome is
divided betweenlirect effects, which do not involve the mediator, aimdlirect effects, which
involve the two-step pathway traveling from predrdhrough mediator to outcome. The direct

effects are labeled ; ... ¢’ .1 to distinguish them from the total effeats,... Ck.1.

As described in the Hayes and Preacher papemdiect effects are calculated as the products

of coefficients in each of the indirect pathwagb ... a.1*b." The mediator acts as the

a;
outcome of the first step pathway, P M, and as the predictor of the second step pathivay,

b
— Y. This is straightforward in the case of datat thre not multilevel, for example where there

is a single observation per person. It is lessgétteorward in the case of multilevel data where P
and M are at different levels from Y. Consider khegitudinal IBS data: the outcome Y is

nightly serum cortisol values, measured repeateédiing the time after entering stage 2 sleep,
with up to 6 observations per subject. Any modahgishese cortisol values as the outcome must
take into account the fact that individual cortigalues (level 1) are nested within subjects (level
2) as well as the fact that cortisol levels chainge nonlinear fashion over time during the night.

By contrast, both the predictor of interest, IB®tgpe, and the mediator, a summary of sleep

a:
disruption, are person-level (level 2) variablese R — M model thus has only a single

observation per subject with no nesting or timacttrre.
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An alternative way to calculate the indirect effeist to calculate the difference between the

effect of the predictor indicator on the outcoméwio mediator in the model — the total effect,
¢ — and the direct effeat; i, of the predictor indicator on the outcome, frdma tnodel with
mediator included.In this case, both coefficients,andc’ ;, come from models with the same
structure; the only difference is that an extraatae, M, is added to thet ; model. | used this
alternative “difference of coefficients” way of calating the indirect effects in my primary
analysis. As a sensitivity analysis, | comparedrédseilts obtained by calculating the indirect
effect using the “product of coefficientsi{b) and “difference of coefficients’t(- c i)

methods.

For additional sensitivity analyses, | used binamgdictors comparing all IBS subjects to
controls, comparing individual IBS subtypes to colst or comparing IBS-constipation to IBS-
diarrhea. | also tried several mediation method®&liged for continuous or binary predictors. In
such methods, there are two models as describeeatoe with and one without a mediator,

but only one coefficient for each pathway leadiranf the predictor. Thus the total effect is

Cc c!
given bycin P — Y, the direct effect is given by in P — Y, and the indirect effect is given

a b
by a*b (from the two steps » M — Y) or byc-c' .

Whether the predictor is coded with dummy varialbdelsinary variable, or a multilevel variable
changes the interpretation of the effects. With oynvariables, thé" effect is interpreted as a
comparison of th&" predictor category to the reference category.aoinary variable, the

effect is interpreted simply as the effect of tihedictor being present, compared to its absence.

For a multilevel variable, the effect is interpites the effect of a one-unit increase in the
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variable, which is entirely dependent on the codihthe levels. If there is no sensible way to

order the levels, or if the difference between Iev& highly variable, the interpretation of the
effect may not be meaningful. The constipation-preshant, diarrhea-predominant, and

alternating IBS subtypes are not ordered categaeebdid not use multilevel variable coding.

Choice of mediator variable

The question of interest is whether IBS has arr@uatlieffect on nocturnal cortisol levels,
mediated through nighttime arousals. Sleep dispaind arousals can be quantified in many
ways and it is not clear a priori whether frequerttyration, timing, or some combination of
these is most likely to be important as a medigiera first step toward investigating such a
complex topic, either duration or frequency of aa&s seem like reasonable choices. | decided
to use a measure of duration, percent sleep parisihge O or 1, in my primary analysis and to
conduct a sensitivity analysis comparing that medi@ariable to the fragmentation index, a per-
hour index (rate) of arousal frequency, calculdtedlividing each subject’s total arousals (from

sleep stage 2-5to 0 or 1) by total sleep time.

Inference for mediation analysis

In their paper developing a method for mediatioalgsis using categorical predictors, Hayes
and Preacher discuss inference for total, diredtimgirect effects, either singly, in combination
or as a classIn this case, there is no a priori hypothesisualbay particular effect or predictor

category. Rather, the question is a general omndeotifying whether any indirect effect exists

tipati
through the pathwayéogizr]f}?elaon — arousals— cortisol. This leads to the null hypothesis that n

alternating

such indirect effect exists, or equivalently thiatlge indirect effects equal 0. Hayes and
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Preacher describe this as “omnibus inference.” Bugygest that one approach to conducting

such a test is to use “Bonferroni-corrected asymmetnfidence intervals,” where a single
confidence interval excluding 0 is sufficient evide to reject the null hypothesis of no indirect
effect. The adjusted confidence level is set a{]lggf—l] % , and the confidence intervals are
calculated by bootstrapping (or some other methatidoes not rely on a normal sampling
distribution for the indirect effects). For theseal k = 4 IBS categories, including controls, and
the adjusted confidence level is 98.3%. Becaus@thieect effects of each IBS subtype are all
calculated with regard to the same control grol@,confidence intervals are likely to be

positively correlated with each other and theretbeeomnibus test is likely to be conservative.

Details of primary mediation analysis and sensiianalyses

All analyses were conducted using Stata versio hé.primary analysis used dummy variables
for the IBS predictor subcategories, with healtbgiteols as the reference. The three
subcategories were constipation-dependent, diadbpandent, and alternating. The outcome

variable was hourly smoothed median, |¢gortisol), calculated for each of the six hours

following the onset of stage 2 sleep. The smoothedian was calculated using a running
median of span three, meaning that if three valioesp, the middle one remains unchanged, but
if the second value goes up and the third goes dtwermiddle one is replaced by the larger of
the first and third values. The mediator was perstrep period in stage 0 or 1. The first step of
the two-step mediation pathway was calculated fadmear regression of the mediator on the
IBS dummy variables. The total, direct and indireftécts were calculated using longitudinal
generalized estimating equations (GEE) with exchahte working correlation matrix and cubic

time (hours 1-6) modelingThe primary mediation mean models are:
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Without the mediator, used to estimate total effect

E[Y;|Xi, t] = Bo + B1 Xizs.c + B2 Xiss-p + P3 Xigs-a + Pa tj + Ps

With the mediator, used to estimate direct andreadieffects:

E[Y;[Xi, t] = Bo + B1 Xigs-c + B2 Xiss-0 + B3 Xigs-a + Pa Xwediator + Ps tj + s t°
where Yj = log, (cortisol) ofith subject at time |

X; = all covariates forth subject

t = jth measurement time (hourj)3, £ jth hour cubed

Xiss-c = indicator for constipation-predominant IBS (gentrols)
Xigs-p = indicator for diarrhea-predominant IBS (vs. col#)
Xigs-a = indicator for alternating IBS (vs. controls)

Xwmediator = Mediator value foith subject

| did not include any interaction between IBS spletyand time in the model because the original

analysis in the study from which these data wekertdound no such interaction.

The indirect effect was calculated using the “défece of coefficients” method as the difference
between the total and direct effects. Bias-corce@BC) 95% confidence intervals for each of

the total, direct and indirect effects were obtdibg bootstrapping, using 10,000 repetitidns.
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Sensitivity analyses were conducted using the sapuels and bootstrapping method to assess

how results changed when calculating the indirfeceusing the “product of coefficients”
method; when using a different mediator (per-hders fragmentation index); when modeling
time as a linear function only; and when modelimg ¢ategorical predictor as a binary indicator
for IBS (compared to controls) or a binary indiedtwr constipation-predominant IBS (compared
to diarrhea-predominant IBS). | also conductedresisgity analysis to compare results obtained
using GEE to results obtained using a random iascmixed model with an independent

covariance matrix to estimateandc’ .2

The last set of sensitivity analyses comparedrtgect effects obtained using the primary
analysis method to those obtained with other miggiahethods that are limited to continuous or

binary predictors. For each method, | did sepaaatdyses for each subtype vs. controls.

First, | compared the indirect effects from themary analysis to those obtained using a
mediation method (Stata command ‘sgmediation’) tmdy works for one-level, ‘collapsed’
data>~® This method involved three OLS linear regressiamieis: one regressing a summary
outcome on a binary indicator of IBS subtype vsitaas to estimate the total effect,one
regressing the mediator on the binary subtype @&tdido estimate; and one regressing a
summary outcome on the binary subtype indicatorthednediator to estimateandc’ . The
indirect effect was calculated as the product effiicientsa*b. | repeated the analysis with three

different summary outcomes, per-subject mean, mimpand maximum lgg(cortisol). The

mean models are:

E[Y] = Bo + B2 XSubtype
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E[M] = Bo + B2 XSubtype

E[Y] = Bo + B1 Xsubtype* B2 Xmediator

where Y = per-subject mean, minimum, or maximum j@grtisol)
Xsubtype= indicator for IBS-C, IBS-D, or IBS-A (vs. conts)
Xwmediator = percent sleep period in stage O or 1

Next, | calculated the indirect effects using almetdesigned to handle multilevel data (Stata
command ‘ml_mediation’§.This method involved the same series of threeegsipns to
calculatec, a, b, andc’ , and also calculated the indirect effect as tloelpet of coefficientga* b.
However, the first and third regression models warglom intercept mixed models with an
independent covariance matrix, rather than OLS,iacidded linear and cubic time variables as

covariates. The mean models are

ELYi] = Bo + B1 Xsubype+ B2 § + P t°

E[M] = Bo + B1 Xsubtype

E[Y] = Bo + B1 Xsubtype™ B2 Xmediator + B3 § + Pa t°
where Yj = log (cortisol) ofith subject at timg

Finally, I calculated the indirect effects usintsaemingly unrelated estimation” cross-model

comparison method that included two OLS linearessions of logy(cortisol) on IBS subtype

indicators and cubic time, one with and one withtbetmediator, and combined the parameter
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estimates and covariance matrices from the mod#étsand without the mediator into a single

parameter vector and robust covariance matrixintiieect effect estimate and confidence
interval were calculated as a linear combinatioparimeter estimates by the ‘difference of
coefficients’ method.The ‘suest’ command used to carry out the seemimglelated estimation
analysis in Stata does not support panel regressautels such as GEE or random-intercept
mixed models, but does handle multilevel data wahsubject clustering at the level of the
combined covariance matrix. The mean models usedtimate the total, direct and indirect
effects were the same as the primary mediation teadéh the exception of being restricted to

one subtype:
ELY;] = Bo+ B1 Xsubtypet B2 t + B3 t°
E[Yij] = BO + Bl XSubtype+ [32 XMediator + Bg tj + B4 tj3

Exploratory analysis of additional covariates amtirect effects

In order to assess whether indirect effects ofpstksruption as a mediator might be due to some
other latent variable, | compared the indirect@Bebtained using the primary mediation
analysis method to those obtained when additiomdgates were added to the primary
mediation GEE model used to estimated direct adudeot effects, along with the mediator. No
covariates were added to the no-mediator model iesestimate the total effect. The covariates
were all subject-level variables and included aggelars; body mass index (BMI); a measure of
overall psychological distress, the global sevaritiex (GSI) calculated from the Symptom

Checklist -90-R; a measure of self-reported sleeplpms during the previous month, the
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Pittsburgh sleep quality index global score (PS@&tyd a self-reported summary of daily stress.

Adjusted mean models are:

Age, BMI: E[Y;|Xi, t] = Bo + B1 Xiss-c + B2 Xigs-p + B3 Xigs-a + Ba Xmediator+ Bs Xage + Ps Xpwmi

+ B t + Pat;®

GSI: E[Y;[Xi, t] = Bo + B1 Xigs-c + B2 Xigs-p + Bz Xigs-a + Ba Xuediator + Bs Xasi + Ps t + B7t;°

PSQI: EY;|Xi, t] = Bo + B1 Xies-c + B2 Xigs-p + Bz Xigs-a + Ba Xuediator + Ps Xpsqi+ Ps t + Brt;°

Stress: E[Y|Xi, t] = Bo + B1 Xigsc + B2 Xigs-p + Ba Xigs-a + Ba Xuediator + Ps Xstresst Be t + Pt

Relationship of individual awakenings to changesartisol levels

Details of the sleep assessment and cortisol diwteare reported in Burr et 8l For purposes

of this analyis, sleep stage was available in 803& epochs, and plasma cortisol levels were
recorded at approximately 20 minute intervals, beigig before the onset of sleep and
continuing until subjects awakened spontaneousiyese awakened in the morning. Sleep
epochs were labeled by the time at the beginnirtgeépoch and cortisol observations were
labeled by the time at the beginning of the blocaivd A study nurse made notes of any sleep
disruptions or blood draw difficulties throughobetnight. Using time and study ID, | merged
the sleep and cortisol data to create a combitedvith sleep epoch count, sleep stage, and
plasma cortisol level (ug/L), together with indicegt for awakenings noted by the study nurse at
the time of sampling. | denoted the awakeningsragdr’ if the nurse noted that the patient

complained of pain or discomfort or was awake fpr@onged period, ‘minor’ if the nurse
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noted that the awakening was brief, or ‘unsuréghére was no descriptive information. | also

added a new variable counting sleep epochs frororiket of stage 2 sleep.

For this exploratory analysis, my goal was to $éedividual cortisol measurements tended to
increase or decrease after awakenings. To quawifkenings, | counted the number of awake
(stage 0) epochs during the 15 minutes ending bitesnprior to each cortisol measurement, i.e.,
the 15 minutes immediately after the prior cortis@asurement. This variable had a minimum

of 0, if no awakenings occurred during the 15 nenwindow, and a maximum of 30, if every
30-second epoch during the 15 minutes was awal@uBe some subjects awakened for good in
the morning before the final cortisol measuremdrdsppped any observations taken more than
5 minutes after the start of the terminal awakeqggeof the morning, in order to restrict the
analysis to arousals during the sleep period.dutated themmediate change in cortisol as the

difference between each measurement and the paasunement {t- t,), and thedelayed
change as the difference between the following and cumegasurements,(t— t,). To evaluate

the relationship between prior awakenings and smrtthange, | plotted both immediate change
and delayed change versus the count of awake epots 15 minutes ending 5 minutes before
the ¢ cortisol measurement. For both immediate and @elapange, | then ran a regression to
guantify the first-order trend of the relationshigjng an OLS linear regression model with
clustered sandwich variance estimators and incgudumber of sleep epochs after entering stage

2 sleep as a covariate. The mean model was:

E[Y] = Bo + Xawakect+ XSIeepEpochs

where Y = cortisol changey(tt; or t;—1t)
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Xawakect= Number of awake (stage 0) epochs during theib&tes ending 5 minutes

prior to each cortisol measurement

Xsleepepochs time, measured as number of sleep epochs aiterirey stage 2 sleep

To see if awakenings that were severe enough totssl by the study nurse had a greater or
more consistent effect than awakenings in genkerapeated the plots and regressions after

restricting the analysis to samples where the nuwsed an awakening at br close to it.

Next, | explored whether the relationship betweertieol change and prior awakenings was
different during early, middle and late sleep bye&ting the plots for immediate and delayed
change, separating the first 2 hours of sleepiridelle 3 hours, and the final 3 hours. Finally, |
used additional plots to explore whether there avaseffect modification from covariates

including IBS subtype, age, BMI, and a measuresgtpological distress, GSI.

For the last part of this exploratory analysisgydied at whether awakenings tended to be
clustered before the steepest cortisol increasafi@ra local minimum, and whether fewer
awakenings tended to be found before cortisol dse® To do this, | created indicators for
immediate change of 5 ug/L or more (the top 5%hainge values) and decreasing cortisol
(immediate change < 0, the lower 50% of changee&luU also created indicators for being a
local minimum, i.e., a cortisol value lower thartlbthe previous and following values, and
following a local minimum. | then divided the cowftawake epochs during the 15 minutes
ending 5 minutes prior to each cortisol measurenmatcategories (0 epochs, 1-15 epochs, 16-

29 epochs, and 30 epochs) and cross-tabulatectbgories with the cortisol change indicators.

All analyses were conducted using Stata versiog (QtataCorp LP, College Station, TX).
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Results

Primary mediation analysis

The primary mediation analysis using dummy variglite IBS subtypes did find evidence to

support the existence of indirect effedtgire 1.

Total, direct and indirect* effects of IBS subtype

(2] .
*8' on hourly log(10) cortisol (compared to controls)
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Figure 1. 95% confidence intervals for total, direct andiiact effects of IBS subtype on nocturnal cortievels,
mediated by percent sleep period in stage 0 or 1.

Ratio of Geometric Means, IBS Subtype vs. Contfe&6 Cl)

IBS Subtype Total Effect Direct Effect Indirect Efft
Constipation-predominant 1.22 (1.07, 1.40) 1.16@11.33) 1.06 (1.03, 1.10)
Diarrhea-predominant 0.87 (0.77, 0.98) 0.89 (01790) 0.97 (0.95, 0.99)

Alternating 0.97 (0.82, 1.13) 0.96 (0.82, 1.12) 11(0.00, 1.02)
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The direction and magnitude of the total effeces@nsistent with those found in the original

study by Burr et al. from which these data weretgakvho found that compared to controls,
mean plasma cortisol levels were higher in constpgoredominant subjects and lower in
diarrhea-predominant subjects, while alternatirgjestts had mean levels very close to controls
For both constipation-predominant and diarrhea-gmadant subjects, the estimated indirect
effect of IBS subtype mediated through sleep disongs small, but not trivial as a proportion

of the estimated total effect, equaling over 20%heftotal effect. The indirect effect of IBS
subtype mediated through sleep disruption is pa&sftor constipation-predominant subjects —
i.e., tending to increase mean plasma cortisotivelé controls — and negative for diarrhea-
predominant subjects, i.e., tending to decreasenipieama cortisol relative to controls. This is
consistent with a trend for more disturbed sleegesult in higher nocturnal cortisol, since
constipation-predominant subjects tend to havedriglercent sleep period in stage 0 or 1
compared to controls and diarrhea-predominant stgofend to have lower percent sleep period
in stage O or 1 compared to contragtgy(ire 9. Note that a single IBS-diarrhea subject haga hi
outlier value for sleep disruption (arrowhingure 3. In this small sample, this single subject has
a substantial influence on the indirect effectreate, as shown iRigure 3 Omitting this subject
from the analysis results in a larger (more negatdstimate for the indirect effect of IBS-

diarrhea mediated through sleep disruption, contpareontrols.

One additional point of interest Figures 1 and & that the direct and indirect effects are both
positive for constipation-predominant subjects bath negative for diarrhea-predominant
subjects. Both indirect and direct effects candmesered as partial effects, carrying some of
the influence of the predictor to the outcome. ph#ial effects need not reinforce each other; it

is possible for them to act in opposite directianse tending to increase and one tending to
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decrease the response variable. It appears thpathal effect of sleep disruption, together with

some other aspect (or aspects) of IBS summarizéebidirect effect estimate, may tend to work
together to increase nocturnal cortisol in consimapredominant subjects and decrease

nocturnal cortisol in diarrhea-predominant subjectkative to controls.

Distribution of percent sleep period in stage 0 or 1, by IBS subtype
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Figure 2. Distribution of percent sleep period in stage A across IBS subtypes. Compared to controls, gsnrs
5.0 percentage points higher for constipation-pngidant subjects and 2.5 percentage points loweditorhea-
predominant subjects.



20

Total, direct and indirect* effects of IBS subtype

on hourly log(10) cortisol (compared to controls)

1 bootstrap, BC, 10,000 reps, GEE
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Figure 3. Omitting the IBS-diarrhea subject with a high @rtalue for sleep disruption results in a larigelirect
effect estimate for IBS effect on cortisol mediabgdsleep disruption.

IBS Subtype
Constipation-predominant, all subjects
Constipation-predominant, omitting outlier
Diarrhea-predominant, all subjects
Diarrhea-predominant, omitting outlier

Inference for mediation analysis

Ratio of Geometric Means, IBS Subtype vs. Cont{@io Cl)

Total Effect Direct Effect Indirect Eéft
1.22 (11070) 1.16 (1.00, 1.33) 1.06 (1.03, 1.10)
1.220(,.1.40) 1.14 (0.99, 1.31) 1.07 (1.04, 1.12)

0.87 (0.77,)0.980.89 (0.79, 1.00)
0.87 (0.989)  0.93 (0.83, 1.06)

0.97 (0.95, 0.99)
0.94 (0.91, 0.96)

Figure 4shows confidence intervals that were Bonferrofustéd for 3 comparisons to test the

null hypothesis that all the indirect effects eqzedo.
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95% and 98.3% confidence intervals for indirect effect* of IBS subtype
on hourly log(10) cortisol (compared to controls)

©

o N+ - . . .

= constipation- diarrhea- alternating

et predominant predominant

2

=

=

£

o

T

w0

<

s | I

Q e T

- O — - —

c

< T I

(8]

c

(O]

§e)

5 7

O o © o o © o
$ & g o $ 45

) ) )

* mediated by percent sleep period in stage 0 or 1
¥ bootstrap, BC, 10,000 reps, GEE

Figure 4. 95% and 98.3% confidence intervals for indirefé@s of IBS subtype on nocturnal cortisol levels,
mediated by percent sleep period in stage 0 or 1.

Ratio of Geometric Means, IBS Subtype vs. Controls

IBS Subtype Indirect Effect, 95% CI Indirect Effe88.3% CI
Constipation-predominant (1.026, 1.096) (1.02107)
Diarrhea-predominant (0.952, 0.988) (0.944, 0991
Alternating (0.995, 1.020) (0.991, 1.024)

The 98.3% confidence intervals exclude zero fohltlbé constipation-predominant and
diarrhea-predominant indirect effect estimates.aBee they compare to a common reference
category, the estimate and confidence intervaldilkaky to be positively correlated, which

would make this a conservative test. This is ewsddn favor of rejecting the null hypothesis and
concluding that the indirect effects of IBS on nwoal cortisol mediated through sleep

disruption may indeed be real, nonzero effect®f@ or more IBS subtypes.
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Sensitivity analyses

The first sensitivity analysis compared indiredeefs calculated using the ‘product of

coefficients’ and ‘difference of coefficients’ meiths Figure 5.

Indirect effect* of IBS on hourly log(10) cortisol,
calculated by 'difference of coefficients' or '‘product of coefficients'
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Figure5. Confidence intervals for indirect effects of IBStype on nocturnal cortisol levels, calculatechgshe
‘difference of coefficients’ or ‘product of coeffents’ method.

Ratio of Geometric Means, IBS Subtype vs. Contfe&86 CI)

IBS Subtype Difference Methodd - ¢’ ) Product Methodgj* b)
Constipation-predominant 1.06 (1.03, 1.10) 1.06411.13)
Diarrhea-predominant 0.97 (0.95, 0.99) 0.97 (00039)
Alternating 1.01 (1.00, 1.02) 1.01 (0.97, 1.05)

The point estimates for indirect effects were tame to two decimal places, but using the
‘product of coefficients’ method resulted in widsmfidence intervals. It appears that the
conceptual advantage of the difference method dtilevel data, where the indirect effect is

calculated from two coefficients that both comerirmultilevel modelsq - ¢’ ;), rather than
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from one coefficient from a single-level model amee coefficient from a multilevel model

(a*b), may be matched by a practical advantage of gredficiency.

Figure 6shows indirect effects mediated through two défgrsummaries of sleep disruption,

percent sleep period in stage 0 or 1 vs. a per-fiagmentation index.

Direct and indirect* effects of IBS on hourly log(10) cortisol,
mediated by different measures of sleep disruption

N constipation- diarrhea- alternating
predominant predominant
mediator 1 mediator 2 mediator 1 mediator 2
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* 'difference of coefficients' method mediator 1 = % sleep period in stage 0 or 1
¥ bootstrap, BC, 10,000 reps, GEE mediator 2 = per-hour fragmentation index

95% confidence intervalst for direct and indirect effects

Figure 6. 95% confidence intervals for direct and indireféeets of IBS on log(10) cortisol, mediated by two
different measures of sleep disruption.

Ratio of Geometric Means, IBS Subtype vs. Cont{@io Cl)

Percent sleep period in stage O or 1 Per-houp $tegmentation index

IBS Subtype Direct Effect Indirect Effect Directfeft Indirect Effect
Constipation-predominant 1.16 (1.00, 1.33) 1.06311.10) 1.23 (1.07, 1.41) 0.99 (0.98, 1.00)
Diarrhea-predominant 0.89 (0.79, 1.00) 0.97 (0099) 0.90 (0.80, 1.02) 0.96 (0.94, 0.99)

Alternating 0.96 (0.82,1.12)  1.01(1.00,1.02) 3%0.79,1.07)  1.05(1.02, 1.08)
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For diarrhea-predominant subjects, indirect effactssimilar for both mediators. For

constipation-predominant subjects, the indire@a&ffmediated by the per-hour fragmentation
index is opposite in sign, as well as smaller &sd kignificant, compared to the indirect effect
mediated by percent sleep period in stage 0 oofdalernating subjects, the indirect effect
mediated by the per-hour fragmentation index igdaand more significant. These differences
may be the result of random variation or multipdenparisons, but looking across IBS subtypes
and mediators, the data are consistent with IB&iegesome influence on nocturnal cortisol
mediated by sleep disruption, which may possibly\y IBS subtype and measure of sleep

disruption.

Interestingly, for alternating subjects, indireffeet estimates of both mediators are positive
while direct effect estimates are negative, hintihg possibility that the nonsignificant, near-
zero total effect estimate seenFiigure 1may be partly due to conflicting direct and indire

effects.

The primary analysis modeled time as a cubic véialthen log (cortisol) is regressed against

time (hours since entering stage 2 sleep) anddimed in a GEE model with per-subject
clustering, the Wald test for the addition of thbic time variable is statistically significantp

0.045). This confirms the nonlinearity apparentigividual plots of log(cortisol) vs. time

(Figure ) and a combined plot of Iggcortisol) vs. time for all subject&igure §.
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Lowess curves for log cortisol after onset of stage 2 sleep, by IBS subtype
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Figure 8. Lowess curves of log(10) cortisol vs. hours sianset of stage 2 sleep, by IBS subtype.

However, a comparison of the fitted values fromlihear and cubic time models shows that
they are quite closé-(gure 9. Because of this, | ran a sensitivity analysisee if omitting the
cubic time variable would change the results ofrtta#n mediation analysis, and found that the

total, direct and indirect effect estimates wergeasially unchanged-{gure 10).
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Fitted values for linear and cubic time models

log(10) cortisol

Hours since stage 2 sleep onset

—e&—— cubic model —@—— linear model

Figure 9. Fitted values from GEE models regressing log(bodisol on time (hours since onset of stage 2 3leep
with and without a cubic time variable.
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Total, direct and indirect* effects of IBS on hourly log(10) cortisol,
modeled with time as cubic or linear function

N constipation- diarrhea- alternating
predominant predominant

cubic linear cubic linear

- _| cubic linear

T T T T T T
N X X\ NS X X
A X O K OIS
O ¢ \\Q/ 6\\6 O ¢ \@/ 6\@; MO
S, >, S
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95% confidence intervalst for total and partial effects

* mediated by percent sleep in stage 0 or 1, 'difference of coefficients' method
1 bootstrap, BC, 10,000 reps, GEE

Figure 10. Comparison of mediation effect estimates when rilgléme as a cubic or linear variable.

Ratio of Geometric Means, IBS Subtype vs. Contf@&6 Cl)

IBS Subtype Total Effect Direct Effect Indirect Efft
Constipation-predominant, cubic time 1.22 (1.020). 1.16(1.00, 1.33) 1.06 (1.03, 1.10)
Constipation-predominant, linear time 1.22(1.081)] 1.16(1.00, 1.34) 1.06 (1.03, 1.10)
Diarrhea-predominant, cubic time 0.87 (0.77, 0.98)0.89 (0.79, 1.00) 0.97 (0.95, 0.99)
Diarrhea-predominant, linear time 0.87 (0.77, 0.98)0.89 (0.79, 1.01) 0.97 (0.95, 0.99)
Alternating, cubic time 0.97 (0.82, 1.13) 0.96 @.8.12) 1.01 (1.00, 1.02)
Alternating, linear time 0.97 (0.82, 1.13) 0.968@.1.12) 1.01 (1.00, 1.02)

The next sensitivity analysis compared mediatidacticonfidence intervals calculated using a
GEE model with per-subject clustering and exchablgeaorking correlation matrix to those
calculated using a mixed model with random intete@md an independent covariance matrix.
Neither model used robust (sandwich) standard £rBwoth the GEE and the mixed models
included a cubic variable for time. The confidentdervals were very similar for both models

(Figure 1).
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Total, direct and indirect* effects of IBS on hourly log(10) cortisol
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Figure 11. Confidence intervals for indirect effects of IBS$ype on nocturnal cortisol levels, calculatedhgsi
GEE or a randome-intercepts mixed model.

Ratio of Geometric Means, IBS Subtype vs. Contf@io Cl)

IBS Subtype GEE Mixed Model
Constipation-predominant 1.06 (1.03, 1.10) 1.06311.09)
Diarrhea-predominant 0.97 (0.95, 0.99) 0.97 (0099)
Alternating 1.01 (1.00, 1.02) 1.01 (1.00, 1.02)

Figure 12 ashows the total and partial effects obtained wieng binary predictors, first
comparing all IBS subjects to controls and thenganmg constipation-predominant subjects to
diarrhea-predominant subjects. Total and partfglcéestimates in the IBS vs. controls
comparison are close to zero, which makes sensa g¢inat different IBS subtypes (constipation-
predominant and diarrhea-predominant) are assdorath opposite effects on plasma cortisol

levels, at least in this sample. In the absen@eroédiation method developed for categorical
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predictors, using a binary predictor comparing aégeto controls might be a reasonable choice,

but would yield little information about the detadl relationships of disease subtype, mediator

and outcome.

The comparison of constipation-predominant andldéa-predominant subjects is notable
because it shows little or no indirect effect dbtyppe on plasma cortisol. If this result is nott jus
due to chance, it is somewhat surprising becawesenth subtypes do appear to differ in percent
sleep period in stage 0 or Bigure 2, and the bootstrap estimate for coefficiangquantifying

the relationship between IBS subtype and perceepsberiod in stage 0 or 1, is large and
significant @ = 10.4, 95% CI 6.6 to 14.4). However, it appebhed the second part of the
mediation pathway, the association between pesteap period in stage 0 or 1 and

log, ((cortisol), is weak in constipation-predominant aiatrhea-predominant subjects, as shown

in Figure 12 bjand by the small and nonsignificant bootstrapvest of coefficienb (-0.001,
95% CI -0.005 to 0.002). Chance may well be playrgrge role in this result; &gure 12 b

emphasizes, the sample size is small, particulatiiye constipation and diarrhea subgroups.
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Total, direct and indirect* effects of IBS on hourly log(10) cortisol

dummy variables for IBS predictor binary -+
o~ o predictor,
i constipation diarrhea alternating IBS vs.
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MR QAR O, S S SR SN T QA . S S S N R O S
\Q .\Q .\Q \Q .\Q

* mediated by percent sleep period in stage 0 or 1, 'difference of coefficients' method
¥ bootstrap, BC, 10,000 reps, GEE

Figure 12 a). Total, direct and indirect effects of IBS on lo@)Xortisol, comparing results when IBS subtypes ar
compared to controls, when all IBS subjects arepared to controls, and when constipation-predontisabjects
are compared to diarrhea-predominant subjects.

Total Effect
Direct Effect
Indirect Effect 1.06 (1.03, 1.10) 0.97 (0.95, 0.99) 1.01 (1.00, 1.02) 1.00 (1.001).00.98 (0.93, 1.03)

Constipation

VS. controls
1.22 (1.07, 1.40)0.87 (0.77,0.98) 0.97 (0.82,1.13) 0.98 (0.898)1.01.41 (1.21, 1.64)
1.16 (1.00, 1.33)0.89 (0.79, 1.00) 0.96 (0.82,1.12) 0.97 (0.8871.01.44 (1.22, 1.70)

Diarrhea

vs. controls

Ratio of Geometric Means (95% CI)
Dummy variables for categorical predictor

Alternating

Binargdictors

IBS vs. controls

vs. controls

Constipation

vs. diarrhea
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Log(10) cortisol vs. percent sleep period in stage 0 or 1, by IBS subtype
with lowess curves
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Figure 12 b). Subtype-specific relationships between mediatocqre sleep period in stage 0 or 1 and outcome
log(10) cortisol.

The next set of sensitivity analyses comparedébalts of the primary, longitudinal data
analysis to results obtained using an OLS regressediation method that only works for one-
level, ‘collapsed’ data and calculates the indiedtect as the product of coefficierash, where
ais the coefficient when mediator is regressedBf $ubtype and is the coefficient when a
summary outcome is regressed on the medi&tgu(e 13.2* The collapsed data method used

per-subject mean, maximum, or minimum lggortisol) as the outcome. It did not allow dummy

variables for categorical predictors, so | haddsdparate analyses restricted to each subtype vs.
controls. Not surprisingly, using summary outcoraed restricting the analyses to one subtype

vs. controls resulted in a loss of precision, &nse the wider confidence intervals for the
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collapsed data compared to the longitudinal datemdtheless, a consistent trend is visible even

in the collapsed data: indirect effects of IBS-agoagion on cortisol mediated by sleep
disruption tend to be small and positive, whileiiadt effects of IBS-diarrhea on cortisol
mediated by sleep disruption tend to be small agative. Indirect effects of IBS-alternating on

cortisol mediated by sleep disruption (not showplots) are all approximately zero.

Total, direct and indirect* effects of IBS subtypes on hourly log(10) cortisol,
modeled with longitudinal and collapsed data
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Figure 13 a). Total, direct and indirect effects of IBS subtypeslog(10) cortisol, comparing a longitudinal GEE
model with a cubic time variable and dummy varialfter the IBS predictor to a one-level model widr{gubject
mean log(10) cortisol as the outcome and a bineagliptor for IBS subtype vs. controls (Stata comdhan
‘sgmediation’).
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Total, direct and indirect* effects of IBS subtypes on hourly log(10) cortisol,
modeled with longitudinal and collapsed data

* mediated by percent sleep period in stage 0 or 1
 bootstrap, BC, 10,000 reps
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Figure 13 b). Total, direct and indirect effects of IBS subtypeslog(10) cortisol, comparing a longitudinal GEE
model with dummy variables for the IBS predictomtone-level model with per-subject maximum log(d@¥isol
as the outcome and a binary predictor for IBS quibtys. controls.
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Total, direct and indirect* effects of IBS subtypes on hourly log(10) cortisol,

2} . . .

© modeled with longitudinal and collapsed data
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Figure 13 c). Total, direct and indirect effects of IBS subtypeslog(10) cortisol, comparing a longitudinal GEE
model with dummy variables for the IBS predictoatone-level model with per-subject minimum log(&6jtisol
as the outcome and a binary predictor for IBS quibtys. controls.

The last sensitivity analysis compared the totdl partial effect estimates from the primary
categorical predictor mediation method to thoseuwdated using a different mediation method
that was developed for longitudinal data, but resgia continuous or binary predictéiqure
14).> Both methods included a cubic time variable, useahdom effects mixed model,
calculated the indirect effects as the productoeffiicients, and used bootstrapped standard
errors for the confidence intervals. However, ‘médiation’ did not allow dummy variables for
the predictor and therefore required separate aealsestricted to each subtype vs. controls.
Once again, there was a trend for indirect effeEi8S-constipation on cortisol mediated by
sleep disruption to be small and positive andridirect effects of IBS-diarrhea to be small and

negative. Indirect effects of IBS-alternating caned to be essentially zero (not included in
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plot). Finally, | did a “seemingly unrelated estima” analysis that combined two OLS

regressions of lqg(cortisol) on IBS subtype indicators and cubic tjimee with and one without
the mediator percent sleep period in stage O imtd a joint covariance matrix with per-subject
clustering, then calculated the indirect effect ag’ , the difference between the IBS

coefficients in the models with and without the riaéat ® These results were similar to those in

Figure 14

Total, direct and indirect* effects of IBS subtypes on hourly log(10) cortisol,
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Figure 14. Total, direct and indirect effects of IBS subtypeslog(10) cortisol, comparing different longitoel
data methods. Both used cubic time variables amdiora intercepts mixed models, and calculated ttiegat effect
as a product of coefficients. The ‘ml_mediation’tha does not allow categorical predictors anchecanalyses
were restricted to one IBS subtype vs. controls.
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Exploratory analysis of additional covariates amdirect effects

Figure 15summarizes the results when additional covaratesdded to the primary model
estimating mediation effects. Each of the additionadels controlled for one of the following
list of variables: age and BMI; GSI, a measurerall psychological distress; or PSQI, a
measure of self-reported sleep problems. It apghatsadjusting for age and BMI slightly
increases the magnitude of indirect effects acatidBS subtypes. Results after controlling for
measures of psychological distress (GSI), selfnteposleep problems (PSQI) and self-reported
daily stress are less consistent; it does not appatadjusting for any one of them causes the
indirect effect of sleep disruption to disappearncrease, in all IBS subtypes. While it is
possible that there are subtype-specific effecta@tovariates, it is also possible that the

varying results are due to chance alone.
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Effect of age and BMI on total, direct and indirect* effects
of IBS subtype on hourly log(10) cortisol (compared to controls)

diarrhea-predominant

95% confidence intervalsi for total and partial effects
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* mediated by percent sleep period in stage 0 or 1, 'difference of coefficients' method

Figure 15 a). Confidence intervals for indirect effects of IB&sype on nocturnal cortisol levels, with and witho
age & BMI in the mediation model. Table presensuts of all models controlling for additional coizes.

Ratio of Geometric Means, IBS Subtype vs. Cont{@io CI)
Additional Covariates Added to Model

IBS Subtype none
Constipation-predominant 1.06
(1.03, 1.09)
Diarrhea-predominant 0.97
(0.95, 0.99)
Alternating 1.01

(1.00, 1.02)

age & BMI
1.08
(1.03,1.13)
0.96
(0.93, 0.98)
1.03
(.00, 1.06)

GSl
1.08
(1.00, 1.16)
0.99
(0.95, 1.02)
1.02
(0.97, 1.08)

PSQI
0.99
(0.94, 1.04)
0.93
(0.89, 0.96)
0.94
(0.89, 0.98)

daily stress

1.04
(0.97, 1.12)
0.97
(0.94, 0.99)
0.99
(0.95, 1.04)



95% confidence intervalsi for total and partial effects

Figure 15 b). Confidence intervals for indirect effects of IB&sype on nocturnal cortisol levels, with and witho
GSIl in the mediation model.
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Effect of GSI on total, direct and indirect* effects
of IBS subtype on hourly log(10) cortisol (compared to controls)
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Effect of PSQI on total, direct and indirect* effects

0 .
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Figure 15 c). Confidence intervals for indirect effects of IBSbsype on nocturnal cortisol levels, with and wiiho
PSQI in the mediation model.
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Effect of stress (daily hassles) on total, direct and indirect* effects
of IBS subtype on hourly log(10) cortisol (compared to controls)

constipation-predominant diarrhea-predominant
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* mediated by percent sleep period in stage 0 or 1, 'difference of coefficients' method
1 bootstrap, BC, 10,000 reps, GEE

95% confidence intervalst for total and partial effects

Figure 15 d). Confidence intervals for indirect effects of IB&sype on nocturnal cortisol levels, with and witho
self-reported stress (daily hassles) in the memtiatiodel.



42
Distribution of PSQI scores, by IBS subtype
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Figure 15 €). Distribution of PSQI scores across IBS subtypes.
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Percent sleep period in stage 0 or 1 vs. PSQI score, with lowess curve
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Figure 15f). Percent sleep period in stage 0 or 1 vs. PSQIrdRempn of percent sleep period in stage O or 1 vs.
PSQI finds a small, positive but nonsignificanatelnship (p = 0.167).

Relationship of individual awakenings to changesdrtisol levels

This analysis was restricted to time points aftéesng stage 2 sleep.

When the difference between each cortisol measureamal the prior measuremenjtt,) is

plotted against the number of awake 30-second epaeting the 15 minutes ending 5 minutes

prior to the § measurement (i.e., the 15 minutes immediately #feet,; cortisol measurement),

there appears to be a trend for immediate cortisahge to increase with increasing numbers of
awake epochs~gure 16. In broad terms, cortisol tends to rise after leavangs, and it tends to

rise more after a greater number of awakeningssimoat period of time. The analysis could not
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distinguish between contiguous and non-contiguowekea epochs, but as the number of awake

epochs increases, the likelihood of longer contiguawakenings increases. The trend appears to
be most linear from 0 to 15 awake epochs, witmdeacy to level off at higher numbers, mostly
because of the sizeable number of points preceg&@ hwake epochs (i.e., awake for the entire
15 minutes, or more) where cortisol change wasflateclining. Results of a linear regression

of (t, — t,) cortisol change on number of awake epochs aftentluding a variable for time in

30-second increments and per-subject clusterimgguebust standard errors, confirm the trend,
with an estimated slope of .08 ug/L (95% ClI: .a3,).for each 30-second epoch increase in

wakefulness. When the regression is restrictethte f(;) changes where a study nurse noted at
or near § that the subject awakeneéqure 17, the trend is even more pronounced, with a slope

of .155 ug/L for each 30-second epoch increaseaiketulness (95% CI: .001, .310). One thing
to note inFigure 17is that about 1/3 of the nurse-noted awakeningsOharior awake epochs.
Some of these were awakenings where the nurse irateldnoted that the subject woke up
(due to pain at the 1V site, needing to use tharoaim, etc.). Some were cases where the nurse

actually awakened the subject, e.g., while trymgeiposition the 1V line.
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Immediate change in cortisol following awakenings,

‘\:? across entire sleep period (with lowess curve)
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Figure 16. Increasing trend in immediate cortisol change-(t,) with increasing numbers of 30-second awake
epochs between measurements. Slope calculatedday liegression is .079 ug/L for each 30-secondtejperease
in wakefulness (95% CI: .047, .111).

# of awake epochs 0 1 2 3 4 5 6 7-10 11-136-20 21-25 26-29 30

cortisol change 01 00 03 04 08 06 08 10 14 26 19 19 20
mean (sd) (1.9) (2.2) (20) (2.3) (2.5) (2.1) (2.6) (25) (2.6) (3.1) (3.4) (3.2) (4.3)
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Immediate change in cortisol following awakenings,

=
§> across entire sleep period
2 2 : .
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Figure 17. Increasing trend in immediate cortisol change-(t,) with increasing numbers of 30-second awake
epochs between measurements, restricting awaketurigese noted by a study nurse aGtope calculated by
linear regression is .155 ug/L for each 30-secqutle increase in wakefulness (95% CI: .001, .310).

When delayed change in cortisgl,(t t,) is plotted against the number of awake 30-second
epochs ending 5 minutes prior to theneasurement, it appears that delayed cortisolgenan

tends to decrease with increasing numbers of aep&ehs Figure 19. In broad terms, after the
initial rise seen irFigures 16 and 1 ¢ortisol tends to decrease, and a larger nunftevake
epochs is associated first with a higher increasktlaen with a larger decrease. Linear
regression results confirm the trend and find thiatof similar magnitude to the initial increase,
with a negative slope of -.055 ug/L (95% CI: .-.03872) for each 30-second epoch increase in

wakefulness. Interestingly, when the analysis sérieted to (t; — t;) changes where a study

nurse noted at or negrthat the subject awakened, the delayed decreasetelly disappears
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(Figure 19, with a calculated slope of -.015 (95% CI: -.12195). This could be due to chance,

or it could suggest that after more severe awakgsnhicortisol tends to remain elevated rather
than undergoing a compensatory drop. Individugéttaries of cortisol measurements taken

prior to, just after, and following nurse-noted &emings at are included im\ppendix A

Delayed change in cortisol following awakenings,
across entire sleep period (with lowess curve)

15
!
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!

Cortisol absolute change (next - current), ug/L

Number of awake epochs *
* During the first 15 min out of the 20 min between previous and current measurements

Figure 18. Decreasing trend in delayed cortisol changet) with increasing numbers of 30-second awake

epochs between measurements. Slope calculatedday liegression is -.055 ug/L for each 30-secondtep
increase in wakefulness (95% CI: -.038, -.072).
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Delayed change in cortisol following awakenings,

2 across entire sleep period
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Figure 19. Trend in delayed cortisol changg, (t t) with increasing numbers of 30-second awake epbehgeen
measurements, restricting awakenings to those rgtedstudy nurse g tSlope calculated by linear regression is -
.015 ug/L for each 30-second epoch increase in fuliless (95% Cl: -.125, .095).

The relationship between awakenings and cortismhgh seems to vary depending on sleep
period timing Figures 20 and 21 When the previous analysis is repeated for earigtdle and
late sleep, it becomes apparent that the levelihgeen in the first plot of immediate change
(Figure 17 is limited to the end of the sleep periddgure 20. In this sample, mean cortisol
change was highest from hour 4 to hour 5 afteotieet of stage 2 sleep; during the last three
hours, mean cortisol change was still positiveltwer, as many subjects reached and then

passed their cortisol peak (degure 7). This suggests that responsiveness to longerevirads

may be reduced in late sleep as cortisol levetgefiaout or decline.
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Immediate change in cortisol following awakenings

=
=y with lowess curves
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Figure 20. Increasing trend in immediate cortisol change-(t,) with increasing numbers of 30-second awake

epochs between measurements, during early, middi¢ase sleep. The table below shows mean unconditi
cortisol change during each hour after enteringestasleep.
hours after entering S2 sleep 0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8
n 151 161 161 161 156 144 98 26
cortisol change, mean (sd) -0.2 (0.8)1 (1.2) 0.7 (2.1) 0.6 (2.6) 0.9 (3.0) 0.6 (3.1) 0.2 (2.7) 0.4 (2.3)

Differences in delayed cortisol response to awaignbased on sleep timing are even more
pronouncedKigure 2). In early sleep, it appears that even after arBdwite delay, awakenings
continue to cause cortisol to rise. During lateg|elelayed cortisol declines steeply with

increasing awakenings, and during middle sleemléatine is more gradual.
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Delayed change in cortisol following awakenings
with lowess curves
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Figure 21. Decreasing trend in delayed cortisol change(t)) with increasing numbers of 30-second awake
epochs between measurements, during early, micdi¢ate sleep.

Figures 22-2%show the results of analyses exploring whetherdBi®ype, age, BMI, and
psychological distress modify the overall relatiopsoetween cortisol change and prior
awakenings. Because these final analyses weredawadi exploratory and there were no a priori

hypotheses about particular interactions, | didpestorm any formal tests for interactions.

In Figure 22 there is some suggestion that the relationshipvagy with IBS subtype;
specifically, constipation-predominant and diarFpeadeominant subjects may have a more
pronounced rise in cortisol with 15 or fewer praavake epochs, compared to alternating
subjects or healthy controls, and the increasimtistd response to high numbers of awake

epochs may be reduced in constipation- and diaphe@ominant subjects.
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Effect of IBS subtype on immediate cortisol change following awakenings
with lowess curves
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Figure 22. Effect of IBS subtype on the increasing trendnmiediate cortisol change, ¢t t,) with increasing
numbers of 30-second awake epochs between measusemering early, middle and late sleep.

In this sample, the age range was only 18-46, s@tivas a limited ability to investigate the
effect of age on the awakenings-cortisol respoasé the age results should be interpreted with
considerable caution. That said, it appe&rguie 23 that there may be a tendency for older
subjects (mid 30’s and older) to have a cortisspomse that is more sensitive to the high range
of prior awake epoch counts, compared to youndaests. By contrast, it appears that subjects
reporting the highest levels of psychological @istr may be less sensitive to the high range of
prior awake epoch countBi@ure 25. BMI does not appear to be an effect modifiertfer

cortisol-awakening response in this samplgire 23.
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Effect of age on immediate cortisol change following awakenings
with lowess curves
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Figure 23. Effect of age on the increasing trend in immedeattisol change (t-t,) with increasing numbers of
30-second awake epochs between measurements, darlggmiddle and late sleep.
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Effect of BMI on immediate cortisol change following awakenings
with lowess curves
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Figure 24. Effect of BMI on the increasing trend in immediatetisol change (t-t ) with increasing numbers of
30-second awake epochs between measurements, darlggmiddle and late sleep.
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Effect of GSI on immediate cortisol change following awakenings
with lowess curves
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Figure 25. Effect of psychological distress on the increasnegd in immediate cortisol changgtt ) with
increasing numbers of 30-second awake epochs betweasurements, during early, middle and late sleep

The last section of the analysis examined whetivakanings tended to be clustered before the
steepest cortisol increases or after a local mimimand whether fewer awakenings tended to be
found before cortisol decreasésgures 26 a) and Ipresent sample individual cortisol and sleep
stage trajectories to show the pulsatile natuseeaiim cortisol excretion during sleep, including
local minima and examples of nurse-noted awakeng®mplete panel of detailed plots is in
Appendix C It is possible to see awakenings (lowest levekdfdots, stage 0) on individual
plots, but drawing any clear and obvious patteravadikenings relative to cortisol levels from
inspecting individual plots is not possible. Howe\adter categorizing prior awake epochs (0, 1-

15, 16-29, and 30 epochs) and looking at positiereegative cortisol change and local minima,
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patterns do emerge. 17% of the 16-29 epoch awateiaind 22% of the 30-epoch awakenings

are associated with the top 5% of cortisol chaniges the steepest cortisol increases. Similarly,
of the sleep periods preceding the steepest cbitis@ases, only 15% had 0 awake epochs,
compared to 38% with 0 awake epochs for the remg@iocortisol changes. This certainly
suggests that awakenings do tend to be clustefedelibe steepest cortisol increases. The
pattern is reversed for negative cortisol changely, 3% of the sleep periods preceding cortisol
decreases had 16-29 and 30-epoch awakenings, 3&iteof the preceding sleep periods had 0
awake epochs. This supports the hypothesis tharfawakenings tend to be found before
cortisol drops. There does not seem to be any tEyder awakenings to be clustered after local
minima; the distribution of awake epochs after lonaima does not differ from the distribution

for other points.

Serum cortisol for a single subject, after entering stage 2 sleep
Healthy control

&1  green lines mark local cortisol minima idno = 31
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
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Figure 26 a). Individual time course for nocturnal plasma caittiand sleep stages (in 30-second epochs) for a
healthy control subject, showing pulsatility of tieol excretion.
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating
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Figure 26 b). Individual time course for nocturnal plasma cattiand sleep stages (in 30-second epochs) for 8n IB
subject, showing nurse-noted awakenings in reldbaortisol levels.
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Discussion

Sleep disruption and nocturnal cortisol levelsratated in this sample of young and middle-
aged women. Compared to healthy controls, noctwordisol levels were higher in
constipation-predominant subjects with IBS and loiwaliarrhea-predominant subjects with
IBS, and a mediation analysis found small but sigamt indirect effects when sleep disruption

was used as a mediator between IBS angl(egytisol). The analysis cannot exclude the

possibility that causality runs in the other direct from sleep disruption to IBS subtype. For
both healthy controls and subjects with IBS, indizal awakenings were temporally linked to
cortisol changes, with cortisol tending to incresd®wing awakenings and then flatten out or
decrease. This secretory pattern is consistentth&hunderstanding that negative feedback
following stress-related cortisol bursts is paradfomeostatic mechanism to keep 24-hour

cortisol levels within a normal range®

Given the complex and contradictory nature of ttegdture on relationships between sleep and
cortisol in stress-related disorders, it is notaétwthat in this sample, sleep disruption clearly
increased the association of IBS with nocturnatisol, but that association was different for
different IBS subtypes. For constipation-predomtnaomen, sleep disruption was associated
with higher cortisol levels relative to controlshiee for diarrhea-predominant women, sleep
disruption was associated with lower cortisol iig&ato controls. When IBS subjects were
compared as a heterogeneous single group to cenbath the estimated total effect and the

estimated indirect effect mediated by sleep appredczero.

| emphasize the finding that sleep-mediated intlieffects exist and that confidence intervals

excluded zero for two out of three IBS subtypethaathan any specific effect estimates,
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because of the small sample size, especially itBBesubtypes. There were 29 healthy controls

and 29 women with IBS, including 7 constipationgmminant, 13 diarrhea-predominant, and 9
alternating subjects. IBS is a syndrome quite éeign symptom severity, comorbid psychiatric
disorders, and likely in etiology, so results fraremall single sample should be interpreted with
caution? In addition, ‘sleep disruption’ is a complex phemenon in itself, with multiple
components including number, duration, and timihgrousals, among others. The two
summary measures examined here — percent sleepl pestage 0 or 1, and a per-hour
fragmentation index — gave slightly different résuh the mediation analysis, suggesting that
nocturnal HPA activation in subjects with IBS mayt nespond uniformly to all aspects of sleep
disruption. This is supported by the finding insthinalysis that the relationship between
awakenings and cortisol change seems to vary degeod sleep period timing. In early sleep,
the stimulatory effect of awakenings lasts longantduring middle or late sleep. During late
sleep, when cortisol is rising toward its peakloeady declining, there appears to be a threshold
beyond which longer awakenings (up to 15 minutesha more stimulatory than shorter
awakenings. Throughout the night, awakenings temol@decede cortisol spikes rather than the

other way around, with a short latency period oh#iutes or less.

Two major limitations of this study were the snssimple size and the fact that study
participants with IBS were self-selected from a cmmity-based population, both of which may
limit the generalizability of the results. Missidgta were probably not influential in this
analysis; only two subjects (one control, one IBSsDt of 58 had fewer than 6 hours of sleep
and cortisol data, and there was little differebeaveen the GEE and random-effects mixed
longitudinal model results. One limitation of thata was that the actual time of awakenings

noted by the study nurse was often uncertain, s@alignment between the nurse-noted
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awakening and the prior awake epochs may haveiheerrect for a number of those events.

Finally, | did not measure contiguous awakeningd, ®uld not analyze the actual relationship

of length of awakenings to cortisol levels.

Conclusions — Mediation Analysis

These data are consistent with sleep disruptiomessured by the percent sleep period in stage
0 or 1, mediating some amount of an IBS effechocturnal cortisol in this sample of young

and middle-aged women with IBS. This indirect effggpears to be present for both
constipation-predominant and diarrhea-predominastdubtypes, but not for the alternating
subtype. The indirect effects were consistent iaadion with the total effect, suggesting that

sleep disruption increases the net effect of IB&acturnal cortisol.

Conclusions — Temporal Relationship of Awakenineg €ortisol Changes

In this sample of young and middle-aged women ¥8®, awakenings tend to be followed first
by a rise in cortisol and then by a subsequenistbrdecrease. The magnitude of both rise and
fall tend to increase with the number of 30-secawdke epochs in a 15-minute period and vary
with sleep period timing. In early sleep, the stiaory effect of awakenings lasts longer than
during middle or late sleep. During late sleep, mhbertisol is rising toward its peak or already
declining, there appears to be a threshold beydndhagreater numbers of awake epochs exert
no additional stimulatory effect. Awakenings tende distributed with more or longer
awakenings before the steepest cortisol increaselsno or fewer awakenings before cortisol

decreases.
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Appendix A: Cortisol measurements bracketing nur se-noted awakenings
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Appendix B: Detailed individual Seep and cortisol trajectories
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
Healthy control

&1  green lines mark local cortisol minima idno = 35
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor

10 blue dot = major

_1 grey dot = unsure
= 5
(@)
= s
— o n
: /\\ 5
= o Qo
8 )

m —

—g L XJ - - LD
o - e e D o ) o et cebime @ bem L o

LI L L B L L I L B
0 120 240 360 480 600 720 840 960
sleep epoch in 30 sec intervals, starting with 1st sustained stage 2 sleep

Serum cortisol for a single subject, after entering stage 2 sleep
Healthy control

&1  green lines mark local cortisol minima idno = 36
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor

0 | blue dot = major

= grey dot = unsure

cortisol, ug/dL
10
sleep stage

L
e - amme o @

. ams o @mees
(@ . © enn— em oo - O

L B —r  r T
0 120 240 360 480 600 720 840 960
sleep epoch in 30 sec intervals, starting with 1st sustained stage 2 sleep




71

Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
Healthy control

&1  green lines mark local cortisol minima idno = 72
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
g g
(@]
- O ]
o - Q
D ()
= Q@
o n
&)
m —
comumum— — LO
o - i )

—rT T 1T T T T
0 120 240 360 480 600 720 840 960
sleep epoch in 30 sec intervals, starting with 1st sustained stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
Healthy control
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Serum cortisol for a single subject, after entering stage 2 sleep
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Serum cortisol for a single subject, after entering stage 2 sleep
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Constipation-Predominant

Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = constipation
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = constipation

&1 green lines mark local cortisol minima idno = 25
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = constipation

& 1 green lines mark local cortisol minima idno = 30
red dots: sleep stage (0 = awake)

awakenings noted by nurse:

green dot = minor

10 blue dot = major

_1 grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = constipation

&1 green lines mark local cortisol minima idno = 42
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
0 | blue dot = major
g - grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = constipation

&1  green lines mark local cortisol minima idno = 43
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = constipation

&1  green lines mark local cortisol minima idno = 74
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
0 | blue dot = major
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = constipation

&1  green lines mark local cortisol minima idno = 86
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
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Diarrhea-Predominant

Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1  green lines mark local cortisol minima idno = 24
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1 green lines mark local cortisol minima idno = 37
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
0 | blue dot = major
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1 green lines mark local cortisol minima idno = 44
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1  green lines mark local cortisol minima idno = 45
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
0 | blue dot = major
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1  green lines mark local cortisol minima idno = 55
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1  green lines mark local cortisol minima idno = 59
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
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g - grey dot = unsure
g g
o
- O
3 3
b= @
8 n
e}
- O

L L I L I B L
0 120 240 360 480 600 720 840 960
sleep epoch in 30 sec intervals, starting with 1st sustained stage 2 sleep



86

Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1  green lines mark local cortisol minima idno = 67
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1  green lines mark local cortisol minima idno = 68
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
0 | blue dot = major
g - grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = diarrhea

&1  green lines mark local cortisol minima idno = 79
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
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Alternating

Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

Q- green lines mark local cortisol minima idno = 10
red dots: gleep stage (0 = awake)
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

&1  green lines mark local cortisol minima idno = 11
red dots: sleep stage (0 = awake)

awakenings noted by nurse:

green dot = minor

10 blue dot = major

_1 grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

&1  green lines mark local cortisol minima idno = 26
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
0 | blue dot = major
g - grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

&1  green lines mark local cortisol minima idno = 33
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

& green lines mark local cortisol minima idno = 34
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
e blue dot = major
grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

& 1 green lines mark local cortisol minima idno = 49
red dots: sleep stage (0 = awake)

awakenings noted by nurse:

green dot = minor

wn | blue dot = major

— | greydot=unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

&1  green lines mark local cortisol minima idno = 54
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
0 | blue dot = major
g - grey dot = unsure
g g
o
- O
3 3
b= @
8 n
m —
@emm L
o- - e plegietid e S g L o

L L B L L B L B |
0 120 240 360 480 600 720 840 960
sleep epoch in 30 sec intervals, starting with 1st sustained stage 2 sleep



91

Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

& 1 green lines mark local cortisol minima idno = 61
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
v | blue dot = major
- grey dot = unsure
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Serum cortisol for a single subject, after entering stage 2 sleep
IBS subtype = alternating

&1 green lines mark local cortisol minima idno = 71
red dots: sleep stage (0 = awake)
awakenings noted by nurse:
green dot = minor
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