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Abstract

Between-individual variation of salivary progesterone (P4) and cortisol levels does not always
closely reflect blood hormone concentrations. This may be partly a function of individual
differences in salivary hormone excretion. We tested whether time of day at sampling and
ethnicity contributed to individual variation in salivary hormones after adjusting for blood
hormone levels. Forty-three Caucasian and 15 Japanese women (18-34 years) collected four sets
of matched dried blood spot (DBS) and saliva specimens across a menstrual cycle (N = 232
specimen sets). Linear fixed-effects (LFE) models were used to estimate the effects of diurnal
variation and ethnicity on salivary P4 and cortisol while adjusting for DBS levels. For each
hormone, women with exclusively positive or negative residuals (unexplained variance) from the
LFE models were categorized as high- or low-saliva-to-DBS hormone ratio (SDR; high or low
salivary secretors), respectively. We found that salivary P4 (P < 0.05) was significantly higher in
early morning compared to the afternoon, after controlling for DBS levels, ethnicity, and BMI.
After further adjusting for this diurnal effect, significant individual variation in salivary P4 and
cortisol remained: sixteen and nine women, respectively were categorized as low or high salivary
secretors for both hormones (P < 0.001), suggesting systematic individual-specific variation of
salivary hormonal concentration. We conclude that when saliva is used to quantify P4 or cortisol
levels, time of day at sampling should be controlled. Even with this adjustment, salivary P4 and
cortisol do not closely mirror between-individual variation of serum P4 and cortisol in a
substantial proportion of individuals.
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The low invasiveness of saliva collection together with the correlation with serum hormone
levels has led to wide and growing use of saliva specimens for measuring steroid hormones
including P4 and cortisol (Wood, 2009) in anthropological (Bentley et al., 1998; Vitzthum et
al., 2002; Jasienska et al., 2006; Nunez-de la Mora et al., 2007) and biomedical studies
(Vuorento et al., 1989; Yaneva et al., 2004; Chapman et al., 2009; Lachelin et al., 2009).
Salivary P4 is a biomarker of ovarian function widely used in anthropological studies
(Bentley et al., 1998; Vitzthum et al., 2002; Jasienska and Ellison, 2004; Nunez-de la Mora
et al., 2007). Between-population variation of salivary P4 is thought to reflect variation in
ovarian function which in turn is believed to represent variable environmental conditions in
childhood and adulthood (Nunez-de la Mora et al., 2007; Vitzthum, 2008, 2009). Similarly,
salivary cortisol is a biomarker of stress and metabolic function, secreted in a well-described
diurnal pattern, widely used in biomedical, anthropological, and psychological studies (Flinn
and England, 1997; Pruessner et al., 1999; Young and Breslau, 2004; Levine et al., 2007,
Adam and Kumari, 2009).

This body of research on salivary P4 and cortisol is predicated on the assumption that
salivary hormone levels closely reflect the total or the free hormone fraction circulating in
the serum. Several studies have shown that salivary P4 is significantly correlated with free
(Wang and Knyba, 1985) and total (Wang and Knyba, 1985; De Boever et al., 1986; Petsos
et al., 1986; VVuorento et al., 1989; Wong et al., 1990; Kesner et al., 1992; Delfs et al., 1994)
serum P4. In these studies single or multiple sets of matched serum and saliva specimens
were collected from women across a menstrual cycle to calculate correlation coefficients
between salivary and serum P4 concentrations (r range = 0.53-0.93). However, Thornburg
et al. (2008) reported a correlation coefficient between individual salivary and serum P4 of
only 0.17 in US women (N = 15) and 0.45 in Bolivians (N = 25) using Chatterton et al.’
(2006) data. Like salivary P4, salivary cortisol shows significant correlation with free
(Umeda et al., 1981; Vining et al., 1983) and total (Riad-Fahmy et al., 1982; Vining et al.,
1983) serum cortisol levels (r range 0.89-0.97); the diagnostic value of salivary cortisol for
Cushing’s syndrome has been well established (Wood, 2009).

Despite these significant correlations, several studies indicate that between-individual
variation in salivary hormone levels does not always closely reflect blood hormone
concentrations. Petsos et al. (1986) collected 82 paired saliva and serum specimens from six
women to compare salivary and serum P4 levels across women; regression analysis revealed
different intercepts and slopes across individuals. A similar finding has been reported for
cortisol; while some individuals showed high correlation between salivary cortisol and
plasma free cortisol (r = 0.97), other individuals showed a much lower correlation (r = 0.49;
Lewis, 2006). Moreover, McCracken and Poland (1989) reported that a saliva to serum
cortisol ratio ranged widely across individuals, i.e., 0.01-0.03. Similarly, Delfs et al. (1994)
reported that a saliva to plasma P4 ratio varied across individuals, i.e., 0.005-0.042.
Thornburg et al. (2008) reported that the saliva to serum P4 ratio for each woman ranged
from 0.62 to 70.7% in the US women and 0.37 to 8.4% in the Bolivian women. These
studies suggest there is between-individual variation in the saliva to blood hormone ratio,
and that between-individual variation in salivary hormone levels may reflect the saliva to
blood hormone ratio as well as circulating blood hormone levels.
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It is usually assumed that between-population variation of salivary P4 reflects that of serum
P4 levels, in other words, the saliva to serum hormone ratio is about the same across
populations (Vitzthum, 2008, 2009). However, one study suggested that the saliva to serum
P4 ratio may vary between populations; the saliva to serum P4 ratio was higher among US
women (~0.03) compared to Bolivian women (~0.008), (Chatterton et al., 2006). As a result,
salivary P4 of American women was twice as high as that of Bolivian women, whereas
serum P4 was twice as high in Bolivian than in American women (Chatterton et al., 2006).
The concentrations of corticosteroid-binding globulin (CBG) were not different between
these populations, suggesting that the proportion of free serum P4 diffusing into saliva did
not vary. The data suggest instead that P4 transfer from blood to saliva is higher in
Caucasian than in Bolivian women, or inhibited in Bolivian women. In contrast, the saliva to
serum cortisol ratio was similar between the two populations (0.033 for Bolivian and 0.029
for American women) suggesting that the lower apparent transfer into saliva is peculiar to
P4 (Chatterton et al., 2006). As far as we know, there has been no further work exploring
within or between population variation in saliva to blood hormone ratios, or potential
contributing factors. Therefore, we were motivated to explore individual and population
level variation in salivary and blood (specifically DBS) and in particular we focused on how
it might be related to diurnal variation, ethnicity and anthropometric measures.

The factors that might be contributing to between-individual and between-population
variation in the saliva to blood hormone ratio are not clear, but there are several correlates
that may play contributing roles. Previous research suggests ethnicity, and time of day at
specimen collection may affect the saliva to blood hormone ratio. One study suggested that
the saliva to serum P4 ratio was higher among US women compared to Bolivian women
(Chatterton et al., 2006). One study in which eight men collected hourly blood and saliva
specimens from 8 am to 11 pm for 2 days found that the first morning saliva specimens
contained disproportionately higher cortisol concentrations relative to serum (McCracken
and Poland, 1989), suggesting that the saliva to blood cortisol ratio can be higher in the
morning and lower in the afternoon. In contrast to the established diurnal variation of
cortisol (e.g., Darne et al., 1989; McCracken and Poland, 1989; Allolio et al., 1990; Groschl
et al., 2003; Liening et al., 2010), studies on diurnal variation of P4 have been inconclusive.
Two studies reported higher salivary P4 concentration in the morning compared to the
afternoon among children (Groschl et al., 2003) and adult men and women (Liening et al.,
2010). It is not known whether salivary and blood P4 show diurnal variation among non-
pregnant premenopausal women, or whether the saliva to blood hormone ratio changes
during day. To further explore previous work finding that salivary measures of steroid
hormones may not closely reflect blood concentrations, we examined paired salivary and
blood P4 and cortisol measures collected across the day in a sample of Caucasian and
Japanese women. We examined the effect of ethnicity, and time of day at sampling on the
relationship of blood and saliva steroid hormone concentrations. We also explored
anthropometric measures of body mass, as this has been found to be associated with cross-
population differences in hormone levels (Randolph et al., 2003). We used a previously
collected data set of paired saliva and dried blood spots across the menstrual cycle from US
Caucasian women and women of Japanese ancestry residing in the US to explore
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crosspopulation and crossindividual differences in saliva and dried blood spot measures of
P4 and cortisol.

We tested three hypotheses: 1) salivary and DBS cortisol and P4 values would show similar
diurnal patterns; with higher levels of P4 and cortisol expected in the morning, compared to
those collected later during day, 2) whether Caucasian women would show higher salivary
hormone concentrations compared to Japanese women, while controlling for differences in
blood hormone concentrations, and 3) whether between-individual variation in salivary
hormone concentrations would remain even after controlling for diurnal variation, body
mass, ethnicity, and blood hormone concentration.

We found that salivary excretion of P4 and cortisol appears diurnal, over and above the
diurnal pattern of cortisol in blood. After further controlling for this additional diurnal
variation (and ethnicity and BMI), significant individual variation in P4 and saliva remained,
consistent with an intriguing pattern we refer to as a high vs. low “secretors.”

MATERIALS AND METHODS

Study participants and specimen collection

Study participants were recruited in Seattle, Washington, using flyers, and advertisements in
local websites, newspapers, and magazines. Eligible women were aged 18-34 years, had not
been on hormonal contraceptives or hormonal medications within the past 3 months, and
were not currently pregnant or breastfeeding. No eligibility criteria based on cycle regularity
or length, or BMI, were used. To examine population differences in salivary excretion of P4
and cortisol, participants were limited to either Caucasian or Japanese ethnicity; ethnicity
was self-identified by the participants.

Participants gave written informed consent upon enrollment and filled out a questionnaire on
demographic characteristics at the Biodemography Laboratory, University of Washington.
Height was measured to the nearest 0.1 cm using a Seca 214 portable stadiometer (Seca,
Hamburg, Germany). Body weight and percent body fat to the nearest 0.1 kg and 0.1%,
respectively were measured using an Inner Scan Body Composition Monitor (Tanita, Tokyo,
Japan). Skinfold thicknesses at biceps and triceps were measured twice for each site with a
Lange skinfold caliper (Beta Technology, Santa Cruz, CA) with a precision of 2 mm. Mean
of the two skinfold measurements for each site were used for analyses. Circumferences at
waist (WC) at the narrowest point, hip (HC) at the widest point and mid-upper arm (MUAC)
were measured with a plastic tape, with a precision of 1 mm. BMI was calculated as [weight

(kg)]/[height (m)]2.

Matched blood and saliva specimens were collected by two sampling strategies: once-a-
week (N = 50 women enrolled) and every-day sampling (N = 11 women enrolled). Forty-
eight women completed matched blood and saliva specimen collection once a week for four
consecutive weeks at the Biodemography Laboratory, University of Washington. Ten
women completed matched specimen collection every day at their home for 40 consecutive
days starting on the first or second day of menstruation. Mean (SD) of cycle length was 29.8
(5.2) days (range 16-46) for 41 cycles for which starting date of two consecutive cycles
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could be obtained during the study. It was 32.1 (16.5) days (range 17-75) for right-censored
cycles (N = 17) for which starting date of only one cycle could be obtained.

Finger prick blood (DBS) specimens were collected on filter paper (Whatman 903 Protein
Saver Card), dried at room temperature for 4-18 h, and stored in a home freezer (at home) or
at —20°C (in the lab) until assay. After the mouth was rinsed with water, saliva specimens of
~2 mL were collected via passive drool into polypropylene vials and stored in a home
freezer (at home) or at —20°C (in the lab) until assay. For once-a-week sampling, time of day
at sampling, time of last food or drink (except for water and other noncaloric drink) and the
most recent date of starting menstruation was recorded at collection. For every-day
sampling, time of day at sampling and presence or absence of menstrual bleeding was
recorded at collection. All specimens were collected when convenient for the participants,
which ranged between = am and 6 pm. Sampling started in May 2010 and ended in August
2010. After completing specimen collection at home, the every-day sampling participants
brought their DBS and saliva specimens to the lab in a cooler with frozen icepacks. All the
specimens were stored at —20°C in the lab until analysis. All procedures were approved by
the Institutional Review Board of the University of Washington.

Laboratory analyses

Prior to the present study, a validation study was conducted for DBS P4 and cortisol, using
the every-day sampling specimens in addition to other sets of matched specimens collected
at the Biodemography Laboratory, University of Washington, for validation purposes. Using
the matched serum and DBS specimens, it was confirmed that DBS P4 was highly positively
associated with serum P4 ([DBS P4 (ng mL™1)] = 1.032 x [serum P4 (ng mL™1)] + 2.120, R?
=0.982; Fig. 1A; N = 9 pairs; unpublished data) and that DBS cortisol was highly positively
associated with serum cortisol ([DBS cortisol (ng mL~1)] = 1.109 x [serum cortisol (ng
mL~1)] - 4.026, R? = 0.833; Fig. 1B; N = 51 pairs; unpublished data). Figure 2 illustrates
mean DBS P4 concentration across one menstrual cycle from nine women who participated
in the every-day sampling, aligned by an estimated day of ovulation; one participant who did
not ovulate during the sampling period was excluded. Presence or absence of ovulation and
day of ovulation was estimated by Kassam method (O’Connor et al., 2006) using
pregnanediol glucuronide (the major urinary metabolite of P4) concentration in urine
specimens collected simultaneously with the DBS and saliva specimens.

For the present article, four specimen sets (on cycle days 3, 10, 17, and 24) from each of
every-day sampling participant were analyzed so that every participant (N = 58) contributed
four specimen sets (N = 232). In the lab, saliva specimens were thawed and centrifuged at
2800 RPM for 20 min, and the aqueous layer was removed and stored at —20°C until assay.
The DBS specimens were assayed for P4 using an in-house enzyme immunoassay (EIA)
using monoclonal antibody CL-425 (Graham et al., 2001). The assay crossreacts 100, 188,
172, 147, 94, 64, 55, and 12.5% with P4, 4-pregnen-3a-ol-20-one, 4-pregnen-3p-ol-20-one,
4-pregnen-1la-ol-3,20-dione, 5a-pregnan-3p-ol-20-one, 5a.-pregnan-3a-ol-20-one, 5a-
pregnan-3,20-dione, and 5B-pregnan-3p-ol-20-one, respectively, and crossreacts <10% with
other steroids tested (Graham et al., 2001). The lower limit of detection of the in-house P4
EIA is 0.1 ng mL~1. All DBS specimens were run at a 1:50 dilution; two 1/8” inch punches

Am J Phys Anthropol. Author manuscript; available in PMC 2014 April 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Konishi et al.

Page 6

of DBS were eluted with 152.5 uL of 0.1% BSA blocking buffer and incubated overnight at
4°C. On the next day, after 30 min of shaking, the eluent was assayed for P4. All of a
woman’s specimens were placed on the same plate except for assay reruns. For DBS P4 in-
house controls, between assay CVs were 16.7 and 11.6% and within assay CVs were 5.4 and
6.5%, respectively for the low (0.33 ng mL™1) and high (1.43 ng mL™1) controls (N = 43
plates).

The salivary specimens were assayed for P4 using Salimetrics Progesterone Salivary Assay
Kits (Salimetrics LLC, PA). The lower limit of detection is 0.01 ng mL~1. All of a woman’s
specimens were placed on the same plate except for assay reruns. All saliva specimens were
run undiluted. For salivary P4 kit controls, between assay CVs were 5.9 and 6.8% and
within assay CVs were 4.8 and 6.5%, respectively for the low (24.1 pg mL™1) and high
(727.4 pg mL™1) controls (N = 7 plates).

The DBS and saliva specimens were assayed for cortisol using an in-house EIA using
polyclonal antibody R4866 (Munro and Stabenfeldt, 1985; Trumble et al., 2010; O’Connor
et al., 2011). The assay crossreacts 100% with cortisol and <10% with other steroids tested.
The lower limit of detection is 0.078 ng mL~1. All DBS specimens were run at a 1:40
dilution; three 1/8” inch punches of DBS were eluted with 183 L of 0.1% BSA blocking
buffer and incubated overnight at 4°C. On the next day, after 30 min of shaking, the eluent
was assayed for cortisol. Saliva specimens were run either at 1:2 or 1:10 dilutions in 0.1%
BSA blocking buffer. For cortisol assays, matched DBS and saliva specimens were assayed
on the same plate except for assay reruns. All of a woman’s specimens were placed on the
same plate except for assay reruns. For DBS cortisol in-house controls, between assay CVs
were 13.0 and 5.9% and within assay CVs were 6.7 and 3.9%, respectively for the low (0.47
ng mL1) and high (2.59 ng mL™1) controls (N = 25 plates). For salivary cortisol in-house
controls, between assay CVs were 11.6 and 8.5% and within assay CVs were 4.3 and 3.9%,
respectively for the low (0.36 ng mL™1) and high (1.50 ng mL™1) controls (N = 24 plates).

All the DBS and saliva specimens fell within the limit of detection for the P4 and cortisol
assays except for one DBS specimen, which was under the limit of detection (~0.078 ng
mL1) for cortisol; this set of matched DBS and saliva was excluded from further statistical
analyses.

Statistical analyses

Age and anthropometric measures were compared between Caucasian vs. Japanese women
using t tests. Distribution of the time of day at sampling was compared between the two
ethnic groups using Fisher’s exact test. The concentrations of each hormone (P4 or cortisol)
in each specimen type (DBS or saliva) were compared between Caucasian vs. Japanese
women using Wilcoxon’s rank sum test, because distributions of hormone concentrations
were skewed.

Time of day at sampling was categorized into three intervals: early morning (5-9 am), late
morning (9 am-noon), and afternoon (noon-6 pm). For each hormone (P4 or cortisol) in
each specimen type (DBS or saliva), concentrations were compared between early vs. late
morning, and early morning vs. afternoon, using Wilcoxon’s rank sum test.
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Pearson correlation coefficients were calculated to examine the correlation between salivary
and DBS hormone (separately for P4 and cortisol) levels and between P4 and cortisol
concentrations (separately for DBS and saliva) using logged values.

The LFE model (multiple linear regression) analyses were conducted with either salivary P4
or salivary cortisol levels as the dependent variable, and corresponding DBS hormone values
(P4 or cortisol, respectively), time of day at sampling (early morning, late morning, or
afternoon), ethnicity (Japanese or Caucasian), and BMI as the independent variables.
Because linear relation was expected between DBS and salivary hormone concentrations,
unlogged hormone values were used for all the statistical analyses. The distribution of time
of day at sampling did not differ between Japanese and Caucasian women (Fisher’s exact
test; P = 0.369). These LFE models do not take into account individual differences in
baseline hormone levels, which might confound the association between salivary hormone
concentration and the covariates. Therefore, the same sets of data were also analyzed using
linear mixed-effects (LME) models with participants modeled as random effects. The LME
models control for the nonindependence of repeated specimens from each participant (West
et al., 2007; Trumble et al., 2010), thus eliminating between-individual variation of
residuals.

To examine individual differences in salivary hormone levels after adjusting for DBS
hormone concentration, ethnicity, BMI, and time of day at sampling, residuals of the LFE
model analyses were calculated (separately for P4 and cortisol). Because individual
variation of residuals, calculated as difference between observed and expected salivary
hormone levels, were the focus of the analysis, LME models were not used here. Using the
residuals of either salivary P4 or cortisol LFE models, participants were categorized into
high-, medium-, or low-saliva-to-DBS hormone ratio (SDR) of each salivary hormone.
Participants whose residuals were positive or negative for all four specimen sets are either
high- or low-SDR, respectively. Participants with both positive and negative residuals are
called medium-SDR. For each hormone, using Fisher’s exact test, the observed distribution
of SDR categories was compared against the expected distribution of categories to test
whether there was significant individual variation in residual distributions. The SDR status
for salivary P4 and cortisol for each person was crosstabulated to test whether the high- (or
low-) SDR for P4 were also high- (or low-) SDR for cortisol. Statistical significance of the
contingency between SDR status for P4 and cortisol was determined using Fisher’s exact
test.

Pearson correlation coefficients were calculated for DBS and salivary hormone levels by
SDR category (separately for P4 and cortisol) using logged values.

All statistical analyses were conducted using R 2.12.0 (R Development Core Team, 2010).
The level of statistical significance was defined as P < 0.05.
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RESULTS

Participant and specimen characteristics

Sixty-one women were enrolled in the study and 58 women completed sampling sessions,
yielding a total of 232 sets of matched DBS and saliva specimens for analyses. Sixty percent
(N = 9) of the Japanese participants were born in Japan, while 40% (N = 6) were born in the
US; this sample will be referred to subsequently as Japanese ancestry women. Participant
age ranged from 18 to 33 years, with a mean (SD) of 24.0 (4.4); and Caucasian women
showed significantly higher BMI compared to Japanese women [23.1 (4.0) vs. 20.4 (2.0), P
= 0.001] (Table 1). There were no significant differences in DBS or salivary hormone levels
between Japanese and Caucasian women (Table 1). Out of the 232 specimen sets, 54, 92,
and 86 sets were collected in the early morning, late morning, and afternoon, respectively
(Table 1).

Correlation between DBS and salivary P4 and cortisol

The correlation between DBS and salivary P4 (r = 0.345; P < 0.001) was weaker than that of
DBS and salivary cortisol (r = 0.636; P < 0.001) (Fig. 3). These correlations may be affected
by the fact that DBS and salivary P4 were measured in different assays, while DBS and
salivary cortisol were measured in the same assay. While there was a modest correlation
between DBS P4 and cortisol (r = 0.277; P < 0.001), that of salivary P4 and cortisol showed
a much stronger correlation (r = 0.646; P < 0.001) (Fig. 3).

Time of day at sampling and hormone levels

DBS P4 concentration did not differ by time of day at sampling, while salivary P4 levels
collected in early morning were significantly higher than those from late morning (P < 0.05)
and the afternoon (P < 0.001) (Table 2). Cortisol concentrations in both DBS and saliva
specimens collected in the early morning were significantly higher than those collected in
the late morning and afternoon (P < 0.001) (Table 2).

After adjusting for DBS hormone levels, ethnicity, and BMI in LFE models, saliva
specimens collected in early morning continued to show higher P4 concentrations compared
to those collected in the afternoon (Table 3). When LME models were used (controlling for
correlation among specimens contributed by individuals), saliva specimens collected in early
morning showed higher cortisol, but not higher P4 concentrations, compared to those
collected in the afternoon (Table 3). We interpret this as suggesting that the observed diurnal
variation of salivary P4 could partly be attributable to the different SDR categories, i.e.,
secretor categories, of individuals, while diurnal variation of salivary cortisol was evident
even after adjusting for the between-individual variation of salivary cortisol.

Ethnicity was not significantly associated with salivary P4 or cortisol in either LFE or LME
models (Table 3).

High-, medium-, and low-SDR for salivary P4 and cortisol

Using the residuals from the LFE models, described in Table 3, each participant was
categorized into three SDR categories for each hormone (Table 4). Assuming random
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variation of residuals across individuals, the expected number of high-SDR can be
calculated as 58 persons * (0.5)"4 = 3.6 persons (= [number of participants] multiplied by
[probability of having positive residuals for 4 specimen sets]).The expected humber of low-
SDR is also 3.6 persons, and thus that of medium SDR is 58 — (3.6*2) = 50.8 persons. The
observed distribution of SDR categories significantly differed from the expected values (P <
0.001) for both hormones. Therefore, there were significant between-individual differences
in salivary hormone concentrations even after DBS hormone concentrations, time of day at
sampling, ethnicity, and BMI was adjusted.

Respectively, 9 and 16 participants were categorized as high- and low-SDR for both P4 and
cortisol, whereas there was only one participant categorized as high-SDR for one hormone
and low-SDR for the other hormone (Table 4). Moreover, there was significant contingency
between the SDR categories for the two hormones (P < 0.001). In other words, women who
showed higher P4 in saliva also showed higher cortisol in saliva, and vice versa, irrespective
of DBS hormone levels.

Correlations between salivary and DBS hormone levels are shown by SDR category for each
hormone (Fig. 4); the correlation between salivary and DBS hormone levels is higher within
the subgroups (i.e., Fig. 3). Correlation coefficients between DBS and salivary P4 were
0.533, 0.652, and 0.695, respectively, for the low-, medium-, and high- P4 SDR group (P <
0.001 for all). Correlation coefficients between DBS and salivary cortisol were 0.510, 0.821,
and 0.757, respectively, for the low-, medium-, and high- cortisol SDR group (P < 0.001 for
all). For each hormone the salivary levels varied widely across the SDR groups, while the
DBS hormone values overlapped across the SDR groups.

DISCUSSION

The SDR (secretor) categories for salivary P4 and cortisol showed significant consistency
within each individual, which suggests that salivary concentrations of these steroid
hormones depend on individual-specific characteristics perhaps salivary hormone excretion
capacity, independent of DBS hormone levels. Further work is needed to clarify the factors
that cause individual variations in saliva to blood hormone ratios. Possible factors may
include steroid binding proteins, genetic factors, or secretory mechanics. Long-term (i.e.,
months or years) consistency of SDR categories should also be examined, and other steroid
hormones such as estrogens and testosterone should be evaluated for their saliva to blood
hormone ratios. Our work suggests that salivary P4 or cortisol may not be an ideal
biomarker when between-individual or between-population differences in circulating blood
P4 or cortisol levels are of interest. It also suggests that if salivary P4 or cortisol are used as
indicators of within-individual variation in serum hormone levels, LME models should be
used to control for any potential individual-specific differences in salivary P4 or cortisol.
Time of day of collection (for blood and other diurnal effects) should be controlled for as
well.

We did not find any individual variation in blood or salivary hormones relative to ethnicity
in our sample, despite significant differences in the samples in body composition measures.
An ethnic difference in the saliva to blood P4 ratio like that reported by Chatterton et al.
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(2006) was also not found. This may be due to the fact that both Caucasian and Japanese
women of our study were residing in the same city, whereas Chatterton et al.’s participants
lived in the US and Bolivia. Nunez-de la Mora et al. (2007) suggested that the
environmental conditions during childhood and adolescence may influence salivary P4
levels during adulthood. Such effects cannot be tested with our data due to the small sample
size. Nine of the Japanese participants were born in Japan, while six were born in the US.
Although the samples differed in body mass, fat and skinfold measurements, we found no
effects of BMI or other anthropometric measures (body fat) on relationships between serum
and salivary P4 or cortisol.

We found significant and complex effects of diurnal variation in salivary excretion of both
P4 and cortisol. In our sample salivary P4 level was higher in early morning compared to
late morning and afternoon specimens, although no such diurnal variation was observed in
DBS P4 levels. This supports the existence of diurnal variation in salivary P4 but not in DBS
P4, although the LME model showed no significant diurnal variation of salivary P4,
suggesting that observed diurnal variation of salivary P4 was confounded by individual
differences in P4 SDR (secretors) category. Both salivary and DBS cortisol levels showed
diurnal variation, as expected; however, salivary cortisol levels were higher in early morning
compared to afternoon specimens, even after adjusting for the diurnal change of DBS
cortisol levels using an LME model. Thus, both the cortisol and P4 data suggest that other
sources of diurnal variation, over and above that seen in the blood, may be at play, and
confounding our understanding of relationships between salivary and DBS/blood hormone
concentrations.

To the best of our knowledge, the present study is the first to show a diurnal rhythm in
salivary P4 concentration among nonpregnant women using multiple specimens collected
from each individual. One study targeting children aged 2-15 years showed a circadian
rhythm of salivary P4 with the highest values in the morning, followed by noon and evening
specimens (Groschl et al., 2003). On the other hand, one study targeting late pregnant
women did not detect any diurnal variation in salivary P4 levels (Scott et al., 1990). Another
study targeting late pregnant women showed that serum P4 concentrations were significantly
lower in the morning (9 am) than in the evening (7 pm), but the diurnal rhythm diminished
after delivery (Allolio et al., 1990). These results suggest that controlling for time of day of
saliva collection is important in analyses using salivary P4. Future work should validate and
examine this in additional samples.

Interestingly, individuals who had a high-SDR for P4 (high salivary P4 secretors) were also
more likely to also have a high-SDR for cortisol (high salivary cortisol secretion), with the
same pattern observed for low-SDR, even after controlling for diurnal variation. As a result,
correlation between salivary P4 and cortisol (r = 0.646, P < 0.001) was much stronger than
that between DBS P4 and cortisol (r = 0.277, P < 0.001). Wirth et al. (2007) did not find any
significant correlation between salivary P4 and cortisol levels among women who were not
on oral contraceptive pills, but they did find a significant correlation among men, and
women who used oral contraceptives. Liening et al. (2010) found a positive correlation (r =
0.30, P < 0.05) between salivary P4 and cortisol among women (including oral
contraceptive users), but in only one of the two data collecting sessions. However, these
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studies did not measure P4 and cortisol levels in blood. Our results imply that part of the
correlation between salivary P4 and cortisol hormones may be due to salivary excretion
dynamics and other factors, independent of blood levels.

Our results indicate that the saliva to blood cortisol ratio decreases during the day. While
diurnal variation of both blood and salivary cortisol has been well documented (e.g., Darne
et al., 1989; McCracken and Poland, 1989; Allolio et al., 1990; Groschl et al., 2003; Liening
et al., 2010), studies on the saliva to blood cortisol ratio with respect to diurnal variation
have been scarce. McCracken and Poland (1989) reported that among eight men first
morning saliva specimens contained disproportionately high cortisol concentrations relative
to serum, which is consistent with our results. They discuss that cortisol might be
sequestered in the salivary gland or in the oropharynx during the night, although the exact
reasons remain to be determined (McCracken and Poland, 1989). The mechanisms
contributing to variation across individuals in the saliva to blood hormone ratio cannot be
clarified in our study, but our results suggest that we need to control time of day at saliva
collection for cortisol analyses, as well as for P4 analyses.

Postprandial increases of cortisol in saliva (Gibson et al., 1999) and in serum (Slag et al.,
1981) were judged not to affect our findings. While DBS and salivary cortisol were higher
within 1 h after a meal, after controlling for diurnal variation, no such effect was seen in
DBS or salivary P4 (analysis with once-a-week sampling data; results not shown). Although
the postprandial effect may have weakened the observed correlation between salivary P4
and cortisol, we still found a highly significant correlation. Menstrual cycle variability was
also judged not to affect our findings, because all women gave a set of matched specimens
once a week for four consecutive weeks so that each woman gave specimens at both
follicular and luteal phases of a menstrual cycle. Anovulatory cycles, if any, were judged
irrelevant to our findings, because statistical analyses were conducted without taking cycle
phase into account. Women with BMI <18.5 (N = 4) or >30 (N = 2) showed cycle length
ranging from 26 to 36 days, while apparently anovulatory women (N = 2) judged from very
long cycle lengths (>73 days) had normal BMI (20.3 and 21.1). Therefore, low or high BMI
is judged not to be related with anovulation in the present samples. Temporal variation in the
collection of saliva and DBS specimens cannot be a confounding factor in the present study
because the once-a-week sampling participants (N = 48) collected saliva immediately before
DBS. Although the every-day sampling participants (N = 10) were not instructed about the
order of specimen collection, it is unlikely it confounded our findings. In addition, analyses
only using the once-a-week sampling data did not significantly change the findings (results
not shown).

Most of the previous studies that examined the correlation between blood and salivary P4
levels (Wang and Knyba, 1985; De Boever et al., 1986; Petsos et al., 1986; Vuorento et al.,
1989; Wong et al., 1990; Kesner et al., 1992; Delfs et al., 1994) used radioimmunoassay
(RIA) to quantify P4 in both saliva and blood specimens, except that Delfs et al. (1994) used
EIA for saliva and RIA for serum and De Boever et al. (1986) used a chemiluminescence
immunoassay (CLIA) for saliva and RIA for serum. Extraction of saliva (Wang and Knyba,
1985; Kesner et al., 1992), serum (De Boever et al., 1986), or both saliva and serum
(Vuorento et al., 1989; Wong et al., 1990) were done prior to the assays, while the other
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studies (Petsos et al., 1986; Delfs et al., 1994) including ours did not extract saliva or blood
specimens. In these previous studies (Wang and Knyba, 1985; De Boever et al., 1986;
Petsos et al., 1986; Vuorento et al., 1989; Wong et al., 1990; Kesner et al., 1992; Delfs et al.,
1994) the correlation coefficients for salivary and serum P4 ranged from 0.53 (Wang and
Knyba, 1985) to 0.93 (Wong et al., 1990), whereas the correlation was slightly weaker in
our results (r = 0.345; P < 0.001). Possible reasons for the low correlation include the use of
different assays for quantifying salivary and DBS P4 and use of nonextracted specimens.
The matrix and viscosity of nonextracted saliva could vary across the day, potentially
influencing the matrix in assays. However, when DBS and salivary P4 correlation was
calculated for each SDR (secretor) category, r became much higher (range 0.533-0.695; Fig.
4), which suggests that the observed low correlation between DBS and salivary P4 levels
can partly be attributed to individual differences in saliva to blood hormone ratio. Therefore,
the relatively lower correlation between DBS and salivary P4 levels in our study does not
weaken the importance of our findings.

While the cross-reactants of the monoclonal antibody CL-425 used for P4 EIA (Graham et
al., 2001) might reduce overall correlations between salivary and DBS P4, they should not
affect our main findings. Our results show that SDR categories tend to be same for both P4
and cortisol within each individual, which effectively excludes any confounding effects
from the P4 crossreactants.

A limitation of our study is that we did not measure the free fraction of P4 or cortisol or
CBG levels in DBS. Saliva hormone levels reflect the free fraction of steroid hormones in
blood (Umeda et al., 1981; Wang and Knyba, 1985). However, several studies suggest that
salivary P4 and cortisol levels are highly positively correlated with both free and total serum
P4 and cortisol, respectively. Wang and Knyba (1985) measured free P4 levels using
equilibrium dialysis, in which salivary P4 showed a significantly positive correlation
between both free (r = 0.75, P < 0.001) and total (r = 0.78, P < 0.001) serum P4. Gozansky
et al. (2005) found that salivary cortisol closely paralleled both free and total serum cortisol
when serum total cortisol is below the average CBG saturation point (~180 ng mL™1),
(Brien, 1981). All the DBS specimens in our study showed cortisol levels below the CBG
saturation point, which suggests that total and free blood P4 should be similar in terms of
correlation with salivary P4. In addition, the equation for calculating unbound plasma
cortisol concentration (Coolens et al., 1987) predicts that individual variation of CBG within
a normal range for naturally cycling women (95% confidence intervals: ~33-47 ug mL™1),
(Coolens et al., 1987) contributes only up to a 40% difference in free serum cortisol
concentrations, which is much smaller than the salivary cortisol differences observed
between high- and low-SDR in our study. While median cortisol concentrations in DBS
were 37.9 and 43.9 ng mL~1 for low- and high-SDR (secretors), respectively (16%
difference), those in saliva were 4.0 and 13.5 ng mL™1, respectively (238% difference).
Therefore, we suspect that factors such as excretion rates into saliva, in addition to the free
hormone levels in blood, affects P4 and cortisol concentrations in saliva. Although our
current data do not provide support for effects from binding protein dynamics in circulation,
this may merit further investigation.
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IONS

We found strong diurnal patterning in two salivary hormones, P4 and cortisol.
Consequently, when saliva is used to quantify P4 or cortisol levels, time of day at sampling
should be controlled. This diurnal pattern persists even after diurnal blood levels are
controlled for, suggesting that some other factor(s) associated with saliva are contributing to
diurnal salivary secretion. Further, we found that after controlling for blood hormone levels,
the excess salivary diurnal variation, ethnicity, and BMI, significant patterned individual
variation in salivary P4 and cortisol levels remained; some individuals consistently showed
higher or lower levels of secretion of both salivary P4 and cortisol suggesting it is something
inherent to the saliva. Taken together, these results support that though significantly
correlated, salivary and blood hormone levels do not always closely mirror each other, due
to diurnal effects of both hormones and saliva, and apparently other currently not understood
processes. We found that salivary P4 and cortisol do not closely mirror between-individual
variation of serum P4 and cortisol in a substantial proportion of individuals. Further work is
needed to clarify factors that cause individual variations in salivary secretion of hormones,
diurnal variation in salivary hormones, and variation in the saliva to blood hormone ratio.
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Fig. 1.
Correlation between (A) serum and DBS P4 concentrations (N = 9 sets; unpublished data) and (B) between serum and DBS
cortisol concentrations (N = 51 sets; unpublished data) in matched specimens.

Am J Phys Anthropol. Author manuscript; available in PMC 2014 April 30.



1dussnuein Joyny vd-HIiN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Konishi et al.

70

60

O,
o

|

E N
o

N
o

DBS P4 (ng/mL)
w
o

b
o

o

J

1

Page 17

-19

I D L I e e e e e e D D A D D B A B D A |

-14 -9 -4 1 6 11
Cycle day (estimated day of ovulation = 0)

Fig. 2.

Mean and SE of DBS P4 across a menstrual cycle aligned with an estimated day of ovulation from nine women who participated

in every-day sampling (N = 9).
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Characteristics of the participants (N = 58) and paired blood and saliva specimens (N = 232 sets)?; mean + SD

and [ranges], proportions (N), or median (1Q, 3Q)

Caucasian; Japanese; Total;
Attributes N =43; N =172 sets N =15; N = 60 sets Pb N =58; N = 232 sets
Participant characteristics
Age (years) 23.4+4.2 [18-33] 25.9 + 4.4 [19-33] 0.068 24.0 +4.4[18-33]
Height (cm) 166.7 + 6.2 [155.5-180.7]  160.7 + 5.1 [153.7-169.0] <0.001  165.1 + 6.5 [153.7-180.7]
Weight (kg) 64.3+12.1[47.8-107.5]  52.7 +5.2 [44.0-65.8] <0.001 61.3+11.9 [44.0-107.5]
BMI (kg m2) 23.1+4.0[17.0-38.8] 20.4 £2.0 [15.9-23.7] 0.001 22.4 +3.7[15.9-38.8]
WC (cm) 73.4 + 9.3 [61.8-114.5] 67.0 + 3.1 [62.8-71.7] <0.001 71.7 + 8.6 [61.8-114.5]
HC (cm) 100.0 + 8.9 [88.6-129.3]  92.2 + 4.2 [83.6-99.8] <0.001 97.9 + 8.6 [83.6-129.3]
Percent body fat 30.9 + 6.7 [16.7-52.5] 28.6 + 4.1 [19.8-34.6] 0.089 30.2 + 6.2 [16.7-52.5]
MUAC (cm) 27.9+ 4.0 [19.4-42.4] 255+ 2.6 [19.5-29.4] 0010 27.3+3.8[19.4-42.4]
Biceps (mm) 19 + 9 [4-48] 17 £5[8-29] 0.435 18 + 8 [4-48]
Triceps (mm) 26 + 10 [9-57] 25 + 5 [15-36] 0.885 26 + 9 [9-57]
Specimen characteristics
Time of day at sampling
Early morningC 21% (N = 36) 30% (N = 18) 0.369  23% (N =54)
Late morningd 41% (N=71) 35% (N =21) 40% (N = 92)
Afternoon 38% (N = 65) 35% (N =21) 37% (N = 86)
Hormone concentrations
DBS P4 (ng mL™%) 27.6 (19.4,37.3) 23.9(17.2,34.3) 0.132 26.1(18.2,36.4)
Salivary P4 (pg mL™1) 74.7 (40.9, 135.0) 82.2 (31.6, 136.4) 0732 74.7 (37.7,135.0)
DBS cortisol (ng mL~1)f 426 (30.1,58.3) 41.4(28.0,59.7) 0739  41.6(29.8,58.7)
Salivary cortisol (ng mL™Y) 5.4 (4.0, 10.4) 49(4.0,81) 0.360 5.3(4.0,9.5)

WC, waist circumference; HC, hip circumference; MUAC, mid-upper arm circumference; DBS, dried blood spot.

a . . -
Four sets of matched (DBS and saliva) specimens were collected from each participant.

b . . . . . .
By t test for age and anthropometric variables, by Fisher’s Exact test for time of day at sampling, or by Wilcoxon’s rank sum test for hormone

concentrations. Repeated measures were not corrected for in these analyses.
C5—9 am.

d9 am-noon.

eNoon—6 pm.

fN =171 for Caucasian, N = 60 for Japanese women, and N = 231 for total.

Am J Phys Anthropol. Author manuscript; available in PMC 2014 April 30.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Konishi et al. Page 21

TABLE 2

Median (1Q, 3Q) of P4 and cortisol concentrations in DBS and saliva specimens collected at different times of
day

DBS P4 Salivary P4 DBS cortisol Salivary cortisol
(ng mL™) (pg mL™") (ng mL™) (ng mL™)

Early morning@ (N=54)p  28.9(205,37.7) 121.0(57.7,1675) 614 (48.7,89.1)  9.4(6.2,135)

Late morning® (N=92)  29-5(180,37.7) 721 (40.2,132.3)d 42.0(33.5,59.3) 5.4 (4.2,9.4)8

Afternoonf (N = 86) 239(17.3,329) 583(20.1,119.6)® 30.8(25.6,43.6)8  4.3(3.3,6.1)°
Total (N = 232)9 26.1(18.2,36.4) 74.7(37.7,1350) 41.6(29.8,58.7)  5.3(4.0,95)
a5_9 am.

bN =53 for DBS cortisol.

C9 am-noon.
d . .

P < 0.05 vs. early morning, by Wilcoxon’s rank sum test.
eP < 0.001 vs. early morning, by Wilcoxon’s rank sum test.
f

Noon-6 pm.

gN =231 for DBS cortisol.
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TABLE 3

Effect of diurnal variation and ethnicity on salivary hormones while controlling for DBS hormone level (each
hormone modeled separately). Beta coefficients (SE) of multiple linear fixed-effects (LFE) model analyses
and linear mixed-effects (LME) model analyses are shown for each hormone (N = 231)

Salivary P4 (pg mL™1%) Salivary cortisol (ng mL™)
Predictor LFE LME LFE LME
DBS hormone? 2.654 (0.417)"**  3.856(0.338)"**  0.109 (0.011)**  0.087 (0.009)**
Time of day at sampling
Late morning®:€ -21.62 (1450)  -16.42 (11.49)  -0.453(0.653)  —0.266 (0.527)
Afternoont:d -31.47 (14.70)°  ~11.65(1219)  -1.426(0.725)  _j 596 (0.603)""
Japanese ethnicity® -5.324 (13.40)  -1.236(24.02)  -1.002 (0.574)  -1.006 (1.004)
BMI -2.001 (1.580)  -2.244(2.387)  0.017 (0.068) 0.023 (0.119)

aDBS P4 (ng mL_l) or DBS cortisol (ng mL_l) for salivary P4 and cortisol models, respectively.
bvs. early morning (5-9 am).
c9 am-noon.
dNoon—G pm.
evs. Caucasian.
*
P <0.05.

*

*
P <0.01.

*%

*
P <0.001.
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