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Abstract

Introduction: The ‘diurnal slope’ of salivary cortisol has been
used as a measure of stress and circadian functionin a variety
of reports with several detailing its association with cancer
progression. The relationship of this slope, typically a nega-
tive value from high morning concentrations to low evening
concentrations, to the underlying daily variation in total
plasma cortisol throughout the 24-hour cycle, however, has
never been reported. Methods: To examine the relationship
between the diurnal salivary cortisol slope and the underly-
ing pattern of plasma cortisol in individuals with cancer, we
examined a cohort of women with advanced breast cancer
(n =97) who had saliva and plasma collected during a mod-
ified 24-hour, constant posture protocol. Results: We found
that the steepness of the diurnal slope of salivary cortisol was
correlated with the amplitude of plasma cortisol rhythm
when the slope was calculated from samples taken at wake +
30 min and 9 PM (r = -0.29, p > 0.05). Other variants of sali-
vary slope calculations were not significantly correlated with
the amplitude of the plasma cortisol rhythm. Diurnal salivary
cortisol slope steepness was not correlated with the time be-
tween habitual waking and the computed circadian peak of
cortisol, but there was a correlation between diurnal slope

steepness and the time between habitual waking and the
time of the awakening spike of morning cortisol (r values
<-0.23, p values <0.05). Conclusion: It therefore appears
that in women with advanced breast cancer, diurnal salivary
cortisol slope primarily represents aspects of the cortisol
awakening response in relation to evening levels more than
the circadian rhythm of total plasma cortisol.

© 2014 S. Karger AG, Basel

Introduction

Many studies have reported on a ‘diurnal slope’ of sal-
ivary cortisol concentrations during waking hours, with
the slope representing the change in salivary cortisol con-
centrations between the morning (typically at or near
wake time) and evening (typically at or near bed time).
The normal pattern is described as a negative slope (high-
er in the morning, lower in the evening), though not all
healthy individuals exhibit this pattern [1]. An altered di-
urnal slope of cortisol has been reported in association
with a variety of pathologies, including, but certainly not
limited to, breast cancer [2, 3], ovarian cancer [4], lung
cancer [5], coronary artery disease [6], fibromyalgia [7],
depression [8], early-life abuse [9] and disrupted sleep
[10]. Flattening of the diurnal slope has been found to
predict more rapid disease progression and shorter sur-
vival in breast [2], ovarian [4] and lung [5] cancers. Many
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of these reports use the diurnal slope of cortisol to impute
the strength or normality of circadian rhythms. There is
arobust circadian variation in the release of cortisol from
the adrenal cortex such that levels begin to rise prior to
habitual wake time and reach a nadir in the evening [11].
There is a small, suppressive effect of sleep on plasma cor-
tisol patterns [12], but otherwise, the underlying 24-hour
pattern of cortisol is believed to be primarily driven by the
suprachiasmatic nuclei, the central circadian pacemaker
in mammals [11]. Salivary concentrations of cortisol are
well correlated with free (unbound) plasma concentra-
tions of cortisol as this fraction of plasma cortisol moves
freely between the blood and salivary compartments [13].
There is, therefore, logical reason to connect the pattern
of salivary cortisol with underlying circadian timing.

There are, however, several reasons why the diurnal
slope of daytime salivary cortisol might not accurately
represent the underlying 24-hour circadian pattern of
plasma cortisol. First, as salivary cortisol is often collected
in circumstances in which the environment is not con-
trolled (i.e. ambulatory), concentrations may be subject
to acute stressors more so than in the laboratory environ-
ment in which plasma cortisol is collected. For example,
an acute stress in the evening that evoked a spike of cor-
tisol release could result in a positive diurnal slope even
though the underlying circadian rhythm was normal. A
second issue is that the diurnal slope is dependent on the
circadian phase angle of entrainment - the relative posi-
tion of the circadian rhythm of cortisol to the timing of
sleep. For example, if the rhythm of cortisol were phase
delayed (later than normal), the morning saliva sample
would be obtained prior to the peak of cortisol. Likewise,
a phase-advanced rhythm (earlier than normal) would
have the morning sample being collected after the peak
and the evening sample being collected during the rising
phase. Under both of these circumstances, the underlying
circadian rhythm of cortisol would be of normal shape
and amplitude, but the timing vis-a-vis sleep would be
abnormal and the diurnal slope would be flat or positive
due to a lower-than-peak morning sample. A third pos-
sible issue relates to the pulsatile release of cortisol. Cor-
tisol is released in a highly pulsatile manner. Infrequent
sampling, such as occurs with saliva samples, makes de-
termination of a diurnal slope more prone to the vagaries
of this pulsatility. For example, if a morning saliva sample
is obtained just prior to pulse and an evening sample is
obtained at the peak of a pulse, the slope would appear flat
despite a normal underlying diurnal rhythm.

To determine whether differences in salivary diurnal
slope are related to real or perceived differences in the
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underlying circadian rhythm, we compared the complete,
diurnal pattern of plasma cortisol with that of contempo-
raneously collected salivary cortisol and the calculated di-
urnal slope of salivary cortisol concentrations. We did
this comparison in a group of women with advanced
breast cancer, a population in whom diurnal cortisol has
frequently been reported [2, 3, 14, 15].

Materials and Methods

Participants

Ninety-seven women diagnosed with advanced breast cancer
were recruited to participate. Participants had to meet the follow-
ing inclusion criteria: documented metastatic or recurrent breast
cancer, aged between 45 and 75 years, proficient in English, willing
to travel to Stanford, Calif., for 3 nights, postmenopausal, non-
smoking, Karnofsky ratings of 70% or higher [16], and at least a
high school diploma or equivalent. Exclusion criteria were: bilat-
eral lymph node removal, low hematocrit, active cancers (other
than breast cancer, basal cell or squamous cell carcinomas of the
skin, or in situ cancer of the cervix) within the past 10 years, any
concurrent medical condition likely to influence short-term sur-
vival, use of corticosteroids, glucocorticoids, benzodiazepines or
melatonin within the week preceding and during the in-laboratory
study, history of major psychiatric illness that required hospital-
ization in the preceding year, current substance/alcohol abuse/de-
pendence, or engagement in shift work during 3 months prior to
the study. We did allow participants to be on chronic (>1 month),
stable doses of antidepressant medications and medications to
ameliorate pain; post hoc analyses found that the use of these med-
ications did not affect the results presented below. We examined
individual cortisol profiles of women who had been on long-term
glucocorticoids or corticosteroids to ensure that the use of such
medications did not explain any of the findings described below.
Participants were required to abstain from traveling 2 or more time
zones away from their local time zone for the 2 weeks prior to and
during their participation in the study. If not living within the Pa-
cific time zone, participants agreed to maintain their local time
zone schedule during a 3-night visit to California.

Participants were recruited through the Stanford Cancer Cen-
ter, the Army of Women website, and posting of study flyers on
the Internet and at various bay area clinics. All procedures were
approved by the Stanford University Institutional Review Board
functioning according to the third edition of the Guidelines on the
Practice of Ethical Committees in Medical Research issued by the
Royal College of Physicians of London. Consent was obtained
from each participant after full explanation of the purpose and na-
ture of all procedures used.

Protocol

Using a combination of sleep logs and wrist-worn actigraphs
(Actiwatch 2, Philips-Respironics, Bend, Oreg., USA), ambulatory
sleep/wake patterns were recorded in all participants for 2 weeks.
Actigraphs record 3-dimensional arm movement, which is useful
for determining gross patterns of sleep and wake [17]. Actigraph
data were interpreted using commercially available software (Ac-
tiware 5, Respironics) in combination with the sleep logs. From
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these data, habitual bed and wake times were calculated from the
average bed and wake times on the 14 recorded days. Divergences
greater than 60 min from these averages were excluded from the
calculations.

Following the 2-week at-home protocol, individuals participat-
ed in a 27-hour stay at either the Clinical Translational Research
Unit or the Stanford Sleep Disorders Clinic at Stanford Hospital.
Rooms were modified to control ambient light exposure and allow
for simultaneous recording of sleep and sampling of blood without
sleep disruption. Participants arrived at Stanford Hospital approx-
imately 7 h after habitual wake time (e.g. 3 PM for an individual
who habitually woke at 8 AM). After approximately 1 h of orienta-
tion and medical screening (hematocrit, vital signs), participants
entered their room and stayed in this room for the duration of their
study, which was scheduled to end approximately 10 h after ha-
bitual wake time the next day (e.g. 6 PM for an individual who
habitually woke at 8 AM). During hours of scheduled wakefulness,
participants typically read, did light stretching (strenuous exercise
was not allowed) or talked to staff members. An 8-hour period of
darkness was scheduled to occur starting 4 h before the midpoint
of habitual sleep and wake times. Lighting during periods of sched-
uled wake was dim (<15 Ix), and lights were off (<0.05 Ix) during
the period of scheduled sleep. To avoid the metabolic consequenc-
es of large meals, participants were provided equicaloric hourly
snacks, the sum total of which satisfied their nutritional require-
ments for the duration of the study [18].

Blood samples were collected via an indwelling venous catheter
kept patent with a 0.9% sodium chloride/1,000 U heparin solution
delivered at a 10 ml/h drip rate. The catheter was placed in the arm
contralateral to any axillary lymph node resection. The catheter
was attached to the infusion pump with 1.5- or 3.0-meter extension
tubing, the former being used during the participant’s waking
hours and the latter being used during the participant’s scheduled
sleep time. During scheduled sleep, blood samples were collected
in an adjacent room, so as not to disturb the participant’s sleep,
with the intravenous tubing passing through a shielded porthole
in the wall. Blood samples for determination of cortisol concentra-
tions were collected at 20- to 60-min intervals, with the elevated
collection rate occurring from 3 h prior to habitual bed time until
1 h after habitual wake time.

Plasma Cortisol Assays and Data Fitting

At least 1 ml of whole blood was collected via the catheter into
a tube coated with ethylenediaminetetraacetic acid. Samples were
immediately spun for 15 min at 1,300 g in a centrifuge at 4°C; 40
pl of the resultant plasma was decanted and stored at -80°C until
assay. All samples were assayed in duplicate using a commercially
available solid-phase enzyme-linked immunosorbent assay (Im-
muno-Biological Laboratories, Minneapolis, Minn., USA). Briefly,
plasma samples for an individual participant were brought to
room temperature, and 20 pl of plasma was added into a single well
on a 96-well plate. To each sample, 200 pl of enzyme conjugate
(cortisol conjugated to horseradish peroxidase) was added, mixed
and incubated at room temperature for 60 min. The plate was
washed (Wellwash AC, Thermo, Waltham, Mass., USA) and dried
before 100 ul of a substrate solution (tetramethylbenzidine) was
added to each well, followed by a 15-min incubation at room tem-
perature. The reaction was stopped with 100 pl of stop solution
(I N acid), and the plate was read by a microplate photometer
(Multiskan, Fisher Scientific, Pittsburgh, Pa., USA) at 450 nm.

Salivary and Plasma Cortisol in Breast
Cancer

Standards (0, 20, 50, 100, 200, 400, 800 ng/ml) were processed in a
manner identical to the samples. After adjusting for a blank well,
results from the standards assay were fit with a 4-parameter logis-
tic model, from which concentrations of the unknowns were cal-
culated. Data quality was ensured with an internal control and re-
views of each curve fit and individual sample results. Intra-assay
coefficients of variation for 43.5, 226.5 and 403.6 ng/ml were 8.1,
3.2 and 5.6%, respectively. Interassay coefficients of variation for
55,209 and 361 ng/ml were 6.6, 7.7 and 6.5%, respectively. Assay
sensitivity was 2.5 ng/ml.

Plasma cortisol has a characteristic diurnal rhythm, with a na-
dir occurring around the time of habitual bedtime and a peak oc-
curring just after wake time. This pattern is only slightly altered by
the presence of sleep. There are many different curve fitting tech-
niques that have been used to describe the diurnal cortisol rhythm,
including cosinor [19], 2-hour smoothing [20], L?> norm approxi-
mation [21] and harmonic regression [22]. Based on preliminary
analyses from an already published data set (data not shown) [23],
we found that harmonic regression analysis using a 3-harmonic
regression analysis was robust, and for the phase of the first har-
monic to be most representative of circadian phase, as indicated by
the timing of the rhythm of plasma melatonin [22]. As such, we fit
all plasma cortisol data with a 3-harmonic regression analysis
(OriginPro 8.0, Microcal, Northampton, Mass., USA), with fixed
harmonics (waveforms) of 24, 12 and 8 h. Using this technique, we
were able to characterize the time of the peak and trough of the
composite curve, the peak of the first harmonic (a marker of cir-
cadian phase), the amplitude of the curve (one-half peak-to-
trough), the mesor (midline estimating statistic of rhythm) and the
goodness of fit (adjusted r?). We then calculated phase angles be-
tween various markers (i.e. the time between two definable por-
tions of rhythmic behavior), including habitual wake time and the
peak of the composite curve and habitual wake time and the peak
of the first harmonic. The timing of the peak of the first harmonic
relative to habitual wake time is a useful marker of the phase angle
of entrainment - that is the position of the circadian system rela-
tive to the normal timing of sleep.

Salivary Cortisol Assays and Data Fitting

Saliva samples were collected at 3 time points - 9 PM on day 1,
awakening on day 2 and 30 min after awakening on day 2. These
times were selected as they are commonly used in this area of re-
search [24], although there is considerable variation in the timing
of samples used to determine the diurnal slope of salivary cortisol
[25]. Three days of saliva sampling are posited as ideal to deter-
mine slope [24], so our use of a single day limits some of the sta-
tistical reliability of our analyses. As the 9 PM sample was taken on
day 1, we carried forward the value of this sample as 9 PM on day 2.
Given relatively little drift of the human circadian timing system
during this type of protocol [26], we believe this is a valid imputa-
tion. Saliva was obtained by having the participant chew on an
untreated cotton swab, which was then stored in a plastic contain-
er (Salivette, Sarstedt, Newton, N.C., USA). The Salivette was
stored at -80 °C until assay. For assessment of salivary concentra-
tion of cortisol, the Salivette was brought to room temperature and
then spun for 15 min at 1,500 g in a room temperature centrifuge,
with the Salivette filtering out the particulate matter in the saliva.
Salivary cortisol concentrations were determined in duplicate with
a commercially available enzyme immunoassay kit (Salimetrics,
State College, Pa., USA). In brief, 24 pl of sample was added to an
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individual well on a 96-well plate. After adding 200 pl of conjugate
(cortisol conjugated to horseradish peroxidase) to each well, the
plate was rotated for 5 min at 500 rpm and then left at room tem-
perature for 55 min. The plate was washed and dried before 200 pl
of a tetramethylbenzidine solution was added to each well. The
plate was again rotated and left in the dark at room temperature
for 25 min. The reaction was stopped with 50 pl of a stop solution,
the plate was rotated for 3 min, and then the plate was read by the
microplate photometer at 450 nm. Standards (0, 0.012, 0.037,
0.111, 0.333, 1.000, 3.000 pg/dl) were processed in a manner iden-
tical to the subject samples. After adjusting for a blank well, results
from the standards assay were fit with a 4-parameter logistic mod-
el, from which concentrations of the unknowns were calculated.
Data quality was ensured with commercially available controls and
reviews of each curve fit and individual sample results. Intra-assay
coefficients of variation for 0.097 and 0.999 ug/dl were 3.65 and
3.35%, respectively. Interassay coefficients of variation for 0.101
and 1.020 pg/dl were 6.41 and 3.75%, respectively. Assay sensitiv-
ity was 0.003 pg/dl.

Statistics

Summary data were generated using Excel (v.11.8332.8333,
Microsoft, Redmond, Wash., USA). Regression analyses were
completed using OriginPro (Origin Labs, Northampton, Mass.,
USA). Functional principal component analyses (fPCA) were
completed using R [27, 28]. fPCA is similar to PCA except that it
was applied to semicontinuous data (plasma cortisol) rather than
discrete data. In this fPCA, participants who had cortisol concen-
trations available from at least 38 of 51 plasma samples and no
greater than a gap of 1 h of missing data were used (n = 61). In-
cluded data gaps (3.3% of sample) were filled by linear interpola-
tion such that all participants had a continuous string of 24 h of
data with a data point every 20 min. Data from individual partici-
pants were fit with a 9-Fourier-based function. These equations
were then subjected to functional data analysis that computed the
equations underlying the variance in the Fourier equations [29].
The relative weight of each of these underlying equations (fPCA
component) was calculated for each participant and represented
as an eigenvalue that could be subjected to parametric statistics.
The first fPCA component explains the greatest amount of vari-
ance and each subsequent component explains less. We calculated
the first 4 components of the fPCA as these typically explain most
of the variance and remaining components often have low proba-
tive value (<1% variance explained). Each eigenvalue represents
the relative amount that a cortisol pattern is represented by a spe-
cific equation or shape. For example, the first fPCA component
represented the amplitude differences between subjects without
changes to the overall shape of the cortisol pattern. The first 4 com-
ponents of the fPCA were compared with diurnal slope of salivary
cortisol concentrations.

Data are presented as means + SD.

Results

General Results
Of the 97 women with advanced breast cancer who
took part in the protocol, saliva samples were available
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from 91 (age: 57.4 + 7.58 years, body mass index = 28.1 +
5.78). Salivary concentrations of cortisol were 0.33 + 0.19
pg/dl at wake time (n = 91), 0.38 + 0.20 ug/dl at wake +
30 min (n = 86) and 0.077 £ 0.12 pg/dl at 9 PM (n = 91).
In 83 of the women (age: 57.7 + 7.80 years, body mass in-
dex = 28.0 + 5.76), there were contemporaneous blood
samples obtained at these 3 times. Plasma concentrations
of cortisol were 143.0 + 49.90 ng/ml at wake time (n =77),
154.7 £ 46.30 ng/ml at wake + 30 min (n =72) and 30.46 +
23.98 ng/ml at 9 PM (n = 82). For both the saliva and
plasma, due to single missing samples in individual par-
ticipants, the totals at each time point vary. Each of the
pairs of blood and saliva samples was obtained within 30
min of one another (6.41 + 4.78 min). Plasma and salivary
concentrations were well correlated with one another
(n =229, adjusted r2=0.47, p <0.001, linear regression),
with salivary concentrations of cortisol being 2.6 + 2.3%
of those which are found in plasma. Thus, as anticipated,
the cortisol concentration within each individual salivary
sample was reliably indicative of the plasma concentra-
tion of cortisol.

Salivary Slope versus Plasma Curve Fitting

Given the analytic variability in the literature [25], we
calculated the diurnal slope of salivary cortisol in a variety
of ways, each using regression analysis: (1) wake sample
to 9 PM sample, (2) wake sample to 9 PM sample with
both samples natural log transformed prior to calculation
of slope [24], (3) wake time + 30 min sample to 9 PM
sample, and (4) wake + 30 min sample to 9 PM sample
with both samples natural log transformed prior to calcu-
lation of slope. The diurnal slope was -0.018 * 0.016
(method 1, n = 91), -0.12 + 0.084 (method 2, n = 91),
-0.023 £ 0.015 (method 3, n = 90), and -0.13 + 0.095
(method 4, n = 90). Methods 1 and 3 (untransformed
data) were moderately correlated (r = 0.39, p < 0.001)
while methods 2 and 4 (natural log-transformed data)
were quite strongly correlated (r = 0.86, p < 0.001). This
is expected as the natural log transformation decreases
the impact of elevated values, such as occurs at the wake +
30 min sample, yielding relatively little difference in the
slope calculated from such transformed data when the
data are anchored to either the wake sample or the wake +
30 min sample.

To examine our a priori hypothesis that the diurnal
slope of salivary cortisol was related to the position (i.e.
phase angle) of the circadian system relative to the timing
of sleep, we ran regression analyses between circadian
phase angle (time between habitual wake time and the
peak of the first harmonic of the 3-harmonic fit to the
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Table 1. Simple linear regression (r) of 4 different methods of diurnal slope calculation against 4 measures derived from 3-harmonic

regression analysis of 24 h of plasma cortisol data

Method of calculation diurnal Y (HWT-P3), h Y (HWT-P1), h Amplitude, Mesor,
slope of salivary cortisol pg/dl pg/dl
(1) Wake - 9PM -0.25* 0.07 -0.10 0.08
(2) In(wake) — In(9 PM) -0.23* 0.09 -0.04 0.14
(3) Wake +30 - 9PM -0.19 -0.07 -0.29* -0.06
(4) In(wake + 30) — In(9 PM) -0.23* -0.05 -0.11 0.08

The 4 salivary slopes (all 2-point linear regression): wake time and 9 PM concentrations, natural log of wake time and 9 PM concen-
trations, wake time + 30 min and 9 PM concentrations, and natural log of wake time + 30 min and 9 PM concentrations. The 4 variables
derived from plasma cortisol: the phase angle () between habitual wake time (HWT) and the peak of the composite 3-harmonic mod-
el (P3), the phase angle between habitual wake time and the peak of the first harmonic (P1), the amplitude (one-half peak-to-trough) of

the fit, and the mesor of the fit. * p < 0.05, linear regression.

plasma cortisol data) and the diurnal slope (as calculated
by 4 methods; available from 78 participants due to miss-
ing plasma samples). We could, however, find no such
association between diurnal slope and the phase angle of
the circadian timing of cortisol (table 1).

To examine our other a priori hypothesis that the diur-
nal slope of salivary cortisol was related to the amplitude
of the plasma cortisol rhythm, we ran simple regression
analyses between the amplitude of the 3-harmonic fit to
the plasma cortisol data and the salivary diurnal slope (as
calculated by 4 methods). Diurnal amplitude of the 3-har-
monic fit to the plasma cortisol was significantly corre-
lated with the salivary diurnal slope only when the slope
was calculated using the untransformed wake + 30 min as
the morning value (table 1), which would be the slope cal-
culated from the presumptive highest to lowest points in
the diurnal cortisol curve. Given that the log transforma-
tion is used to remove variability associated with peak cor-
tisol values, the lack of association with log-transformed
slopes is not altogether unsurprising. We also examined
whether the mesor of the 3-harmonic fit to the plasma
cortisol data was associated with the salivary diurnal slope,
but could find no such relationship (table 1).

The wake + 30 min time point is likely to represent the
cortisol awakening response — an extra elevation in the
already high early morning concentrations that usually
follows a morning awakening. As it was the slope of the
untransformed data using the wake + 30 min time point
of saliva collection that was associated with the amplitude
of plasma cortisol, we also examined whether the phase
angle of habitual wake time with the peak of the compos-
ite curve of the 3-harmonic fit (presumably influenced
more by the awakening response than the peak of the first

Salivary and Plasma Cortisol in Breast
Cancer

harmonic of the 3-harmonic fit) had a relationship to the
diurnal slope of salivary cortisol. The diurnal slopes as cal-
culated using either the log-transformed data (both tech-
niques) and the nontransformed data (wake to 9 PM only)
were indeed associated with the phase angle between ha-
bitual wake time and the peak of the 3-harmonic fit (ta-
ble 1). Thus, the greater the temporal distance between the
peak of the cortisol rhythm and habitual wake time, the
less steep the slope. Thus, as a group, a ‘flattened’ diurnal
rhythm in salivary cortisol is representative of a diminu-
tion of both the amplitude of the overall plasma cortisol
rhythm and a cortisol peak that is abnormally timed vis-
a-vis the timing of sleep. Note, the timing of the circadian
system as indicated by the time of the peak of the first har-
monic is not associated with this flattening — rather itis a
delay in the morning awakening response of cortisol that
is associated with the flattening of the diurnal slope.

Salivary Slope versus Plasma fPCA

Of the 91 women in whom we were able to calculate the
diurnal slope of salivary cortisol, 10 (11%) had a positive
slope (fig. 1). As can be seen in the figure (note, due to miss-
ing blood, there are only 8 of the 10 individuals in fig. 1),
there appear to be a variety of ‘reasons’ underlying the pos-
itive value of the salivary slope. In order to analyze these
patterns and determine if a specific pattern of plasma cor-
tisol was associated with a positive or flatter diurnal slope
of salivary cortisol, the plasma cortisol data were subjected
to fPCA and then compared with salivary diurnal slope (de-
scribed in the Methods). Complete plasma data were avail-
able from 61 women, 6 of whom (10%) had a positive diur-
nal slope of salivary cortisol. The first 4 components of the
fPCA were able to explain 81.8% of the variance of the plas-
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Fig. 1. Individual plots of participants with positive diurnal salivary
cortisol slopes. Each panel (except the lower right) has data collect-
ed during the protocol for the 8 participants with positive slopes.
The average + SEM curves for the remaining available participants
(n = 75) is shown in the lower right panel. The cortisol concentra-

ma cortisol data. In comparing the first 4 components to the
diurnal slope, the first (approx. r> = -0.02, p = 0.90; linear
regression), second (approx. r*> = 0.02, p = 0.17; linear re-
gression) and fourth (approx. r* = 0.01, p = 0.19; linear re-
gression) components of the fPCA did not appear related to
the diurnal slope. The third component of the fPCA, how-
ever, was linearly related to the diurnal slope of salivary cor-
tisol (approx. r* = 0.08, p < 0.05; linear regression). Exami-
nation of both the individual plots (fig. 1) and the results of
the fPCA (fig. 2) reveal that in some participants, the flat-
tening of the slope is associated with a lower morning peak
and an elevated evening nadir (red and blue lines in fig. 2).
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tion for each plasma sample (left y-axis, solid circles) and saliva sam-
ple (right y-axis, open circles) is plotted at the precise time of collec-
tion (wake and 9 PM). The gray boxes represent the timing of lights-
off when sleep was permitted. The circadian phase (®, peak of the
first harmonic of the 3-harmonic fit) is plotted for each participant.

Discussion

Our data indicate that there is no single, underlying
plasma pattern that is represented by the observation of a
flat or positive diurnal slope of salivary cortisol. Rather,
from a statistical standpoint, there appear to be 2 main
associations between diurnal slope and the plasma pat-
tern of cortisol. First, in some individuals, a delay in the
fitted peak of the 3-harmonic curve, but not the circadian
peak of plasma cortisol, is associated with a flattening of
the salivary diurnal slope. This may be a slightly later than
normal peak (e.g. participant No. 990016) or a peak with
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Fig. 2. fPCA component 3 and its relationship to diurnal salivary
cortisol slope. Data from high (+++) and low (--) eigenvalues of
fPCA component 3 are plotted along with the average (solid gray
line) cortisol curve of all participants. The gray boxes represent the
relative time of sleep. The red and blue lines represent the possible
salivary slopes as might be derived from a sample taken at wake
time and 9 PM, from individuals with higher (blue) or lower (red)
fPCA component 3 scores.

highly aberrant timing (e.g. participant No. 990101). The
flat slope would, therefore, be primarily due to the morn-
ing saliva sample being obtained before the actual peak in
morning cortisol. As there was no association between
the steepness of the slope and the relative timing of the
circadian clock (phase angle between the time of the first
harmonic and the timing of sleep), this finding is unlike-
ly to represent an abnormality of circadian timing. Rath-
er, it is more likely to represent a delay in the so-called
cortisol awakening response [30-32]. Confirmation of
circadian timing with an independent marker such as
melatonin, however, would be necessary to confirm the
normality of circadian timing.

A second association is with a pattern that has a
slightly reduced morning peak and an elevated nadir in
plasma cortisol in the evening (e.g. participant No.
990080). The flat slope would be, therefore, due to the
morning sample being slightly lower than normal and
the evening sample being slightly higher than normal.
This pattern has been observed before in individuals
with insomnia [33] and in older individuals [34]. It is not
likely due to chronic stress or depression, both of which
are likely to alter the constitutive expression of cortisol,

Salivary and Plasma Cortisol in Breast
Cancer

as these are sometimes characterized by constantly low
(chronic stress) or elevated (depression) levels of plasma
cortisol [35, 36]. As the slope obtained between untrans-
formed salivary cortisol data obtained near the cortisol
awakening and the evening was the only diurnal sali-
vary cortisol slope method that was correlated with the
diurnal amplitude of plasma cortisol (table 1), use of this
slope derivation would appear to be important to accu-
rately capture the underlying amplitude in plasma cor-
tisol concentrations. Use of a slope derived from natural
log-transformed data would, however, appear to capture
some of the variance associated with the timing of the
morning peak of cortisol vis-a-vis its timing relative to
habitual wake time.

Therearestill participants (e.g. participant No. 990020)
in whom there is no apparent explanation for a flattened
slope. It is possible that there may be an alteration in cor-
ticosteroid-binding globulins (transcortin) such that the
relationship between total cortisol (plasma) and fraction-
al free cortisol (saliva) could be inconsistent during a sin-
gle day, possibly due to acute stress [37] or the breast can-
cer or its treatment [38], including the use of specific
drugs that might change the properties of steroid-binding
proteins [39]. Further study of free plasma cortisol con-
centrations versus salivary cortisol concentrations would
be necessary to explore this hypothesis. In one study of
109 relatively healthy individuals, 51% had normal diur-
nal slopes of salivary cortisol on 2 consecutive days and
17% had flattened slopes on 2 consecutive days, with the
remaining 31% having a normal slope one day and a flat-
tened slope the other, indicating either a relative lack of
reproducibility of a flat slope or a very high interday vari-
ability in salivary cortisol slope [40]. To our knowledge,
this type of day-to-day variability in diurnal rhythmicity
has never been reported for plasma cortisol concentra-
tions in any normal or pathological state, raising the ques-
tion as to the physiological significance of this ‘flat’ pat-
tern.

Our data indicate that it is likely that individuals with
a flattened diurnal slope of salivary cortisol represent a
heterogeneous group. In several, but not all [3], previous
studies, including those on women with breast cancer,
diurnal slope was not different between controls and pa-
tients. The presence of flatter diurnal slopes of salivary
cortisol among patients is however associated with re-
duced survival or other negative health outcomes, imply-
ing an important physiological meaning for the construct
(2, 4, 5, 41, 42]. In previous work, flattening of diurnal
slopes of salivary cortisol among women with metastatic
breast cancer has been shown to be related to a higher
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waking rise of cortisol and reduced adrenal suppression
the day after administration of 0.5 mg of dexamethasone,
suggesting reduced feedback inhibition once cortisol lev-
els are elevated, rather than hypersensitivity to activation
[43].

Our current data indicate that flatter diurnal slopes of
salivary cortisol are unlikely to represent an abnormality
of the circadian system, but are more likely associated
with a change in the morning cortisol awakening re-
sponse and the timing of salivary sampling in relation to
that response. As such, it beckons the question as to the
physiological upstream cause of the flattened diurnal
slopes that might ultimately be associated with reduced
survival and negative health outcomes and why such “flat-
tening’ does not appear to be associated with acute nega-
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