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A B S T R A C T   

Steroid hormones are often assessed via saliva samples, as they are noninvasive and easy to collect. However, 
hormone levels in saliva can fluctuate from moment-to-moment, are influenced by factors such as momentary 
emotional states and food intake, and some vary strongly across women’s ovulatory cycle. In contrast, hormone 
levels in hair seem to be more robust against these influences and were previously suggested to be a good 
alternative to obtain women’s baseline hormone levels. In the current study, we investigated whether hormone 
levels are stable across multiple assays and whether hormone levels from saliva and hair samples correlate. We 
collected saliva and hair samples from N = 155 naturally cycling women across two ovulatory cycles. All samples 
were analyzed for progesterone, testosterone and cortisol levels via mass spectrometry (LC-MS/MS). Results 
showed that both averaged saliva and hair hormone levels were moderately stable across cycles. Hair proges
terone levels showed higher stability than the respective levels from saliva. Saliva and hair levels for proges
terone and testosterone were moderately correlated, whereas cortisol levels from saliva and hair were only 
weakly correlated. Results suggest that the type of sample from which baseline hormone levels are assessed and 
the cycle phase in which saliva samples are collected may have a high impact on the obtained results. Impli
cations for future studies are suggested.   

1. Introduction 

Steroid hormone assays of saliva samples have often been used to 
study effects of hormonal changes across women’s ovulatory cycle on 
diverse psychological outcomes, such as sexual desire, mate preferences, 
or stress (e.g. Refs. [1–11]). Saliva assays capture moment-to-moment 
fluctuations in steroid hormones [12,13], are non-invasive and easy to 
assess (as opposed to, for example, blood samples; [14]. As recent 
studies suggest that some of the previously reported associations be
tween hormones and women’s mating psychology are between-women, 
rather than within-woman hormonal effects [15,16], there is a need to 
reliably obtain baseline hormone levels. For this purpose, most previous 
studies simply averaged multiple salivary hormone measures. However, 
saliva assays also come with disadvantages. They have to be stored in a 
freezer immediately after collection and assays are somewhat 
error-prone because they can be influenced by gum bleeding, smoking, 

food, coffein, or alcohol intake and change rapidly in response to 
emotional states, exercise, competition or stress [17]. Thus, Wang and 
colleagues (2019) investigated whether hair samples might be an 
attractive alternative for measuring basal hormone levels across the 
ovulatory cycle. Whereas salivary hormones fluctuate momentarily, 
diurnally and across women’s ovulatory cycles, hormone levels in hair 
reflect an average hormone level for a particular time span (e.g. one 
month in a 1 cm hair segment). Indeed, Wang and colleagues (2019) 
report a high correspondence between DHEA and testosterone in one 
hair sample and four averaged saliva sample concentrations in N = 10 
participants assessed across two ovulatory cycles (r = 0.65 for DHEA, r 
= 0.67 for testosterone). Hormone concentrations were stable across 
hair and saliva samples from both cycles. The authors concluded that 
hair hormone assays can provide reliable estimates of long-term average 
hormones and reduce the day-to-day variability of DHEA and testos
terone levels. 
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A steroid hormone of particular interest in ovulatory cycle research, 
is progesterone. Progesterone levels fluctuate strongly across the 
ovulatory cycle (e.g. Ref. [7]). Whereas levels are rather low in the 
follicular phase (usually <100 pmol/l), levels rise strongly in the luteal 
phase with a mid-luteal peak (usually >300 pmol/l; [18]). Thus, on 
which particular days across the cycle saliva hormone assays are taken 
and aggregated to get an indicator of between-women progesterone 
levels might have a strong impact on the results (especially if only two 
samples are collected, as often done in ovulatory cycle research, e.g. in 
Refs. [1,19–25]. In recent years, interest in assessing between-women 
associations of progesterone and individual differences (e.g. in mating 
psychology) increased, as studies reported that progesterone might 
rather be associated with between-women than within-woman differ
ences in mate preferences [15,16]. Further, assessing progesterone 
seems to be particularly important when investigating effects between 
different ovulatory cycles, as progesterone levels were reported to be 
higher in more fertile cycles (for a review see Ref. [26]). However, so far, 
the question whether progesterone in hair samples might be a more 
stable indicator of between-women differences in hormone levels than 
progesterone across different saliva samples remains unanswered. 

In ovulatory cycle research, testosterone levels are often also 
assessed as a variable of interest. Testosterone fluctuates across the 
ovulatory cycle and seems to be higher in the follicular phase as 
compared to the luteal phase (e.g. Ref. [7]). Importantly, rather 
between-women (averaged values of two assays) than within-woman 
testosterone levels have been linked to individual differences in 
women’s sexual motivation [24], showing the importance of a reliable 
indicator of between-women testosterone levels. As described above, 
one previous study [27] reported that salivary testosterone levels ob
tained across women’s ovulatory cycle are highly stable (ICC = 0.91) 
and substantially correlated with hair hormones (r = 0.67). Wang and 
colleagues (2019) assessed four saliva samples across the ovulatory 
cycle, but cycle studies often only assess two samples per cycle and 
woman (usually one fertile, one luteal phase sample). The open question 
whether testosterone levels are already considerably stable across two 
assays per cycle and how an average of two samples (fertile and luteal 
phase) is associated with hair testosterone remains. 

In other previous studies, hair samples have also been used to 
investigate long-term effects of cortisol as a biological marker of chronic 
stress and its effects on health (e.g. Ref. [28]). A number of different 
studies have already investigated whether long-term cortisol levels in 
hair are linked to averaged short-term cortisol levels in saliva: In a 
meta-analysis, Stalder and colleagues (2017) reported that hair and 
salivary cortisol are significantly but only weakly correlated (rs between 
0.13 and 0.19). As previous studies had only small sample sizes, with a 
mean N = 53 in studies with single and N = 31 with multiple salivary 
cortisol assays [29], it seems doubtful that the point estimates are pre
cise and generalizable. Nevertheless, cortisol levels seem to be consid
erably stable in saliva (r = 0.78 two weeks apart [30]), and in hair (rs 
between 0.68 and 0.79 across one year, [31]). While fluctuations in 
cortisol do not necessarily occur systematically across women’s ovula
tory cycle [30], it is still important to study cortisol in ovulatory cycle 
studies, as cortisol might interfere with cycle effects. For example, it has 
been reported that cortisol might suppress women’s preferences for 
masculine faces across the cycle [1]. Further, high levels of cortisol 
could lead to decreases in other hormone levels, such as testosterone 
[32] and the dual-hormone hypothesis suggests that cortisol and 
testosterone jointly regulate social behavior (e.g. status-relevant 
behavior; [33]). Consequently, when studying cycle effects, or 
within-woman or between-women effects of testosterone, it seems 
crucial to also reliably assess cortisol levels. 

1.1. Methodological issues in hormone assessments 

Besides the disadvantages that come with saliva samples stated 
above, there is another important issue that arises for both saliva and 

hair assays: There are different methods of hormone measurement that 
differ in validity. More precisely, analyzing hormone assays via liquid 
chromatography mass spectrometry (LC-MS/MS) is currently seen as the 
gold standard [34]. While LC-MS/MS is frequently used to analyze hair 
hormone levels, most previous studies used either radioimmunoassays 
or enzymatic immunoassays for analyzing salivary hormone assays (see 
Ref. [34] for a detailed discussion of the differences between immuno
assays). Immunoassays have especially been criticized for suffering from 
cross-reactivities to other substances and for overestimating hormone 
levels, especially in small ranges [34]. Importantly, estradiol and 
testosterone levels in women’s saliva, as well as cortisol levels in men 
and women are usually in such a small range and, thus, likely over
estimated [34–37]. This may lead to differences in results, depending on 
the analysis method, which likely impacts replicability. Indeed, estradiol 
levels in saliva analyzed via immunoassays and LC-MS/MS were re
ported to be uncorrelated (r = 0.06) in a study focussing on changes in 
women’s mate attraction and preferences across the ovulatory cycle 
[38]. Nevertheless, in comparison to LC-MS/MS, immunoassays are 
more often used to analyze salivary hormone levels, because they are 
cheaper and analysts need less training [27,34]. As a consequence, the 
literature lacks validation studies using saliva and hair LC-MS/MS 
analyses. 

1.2. Current study 

This study’s aim is to investigate the correspondence and stability of 
progesterone, testosterone and cortisol levels in saliva and hair samples, 
analyzed via LC-MS/MS. For this purpose, we examine the relationship 
between hair steroid hormones and the average values of these hor
mones in saliva samples collected in a comparatively large sample of N 
= 155 naturally cycling women, with multiple assays across two 
ovulatory cycles per participant. 

2. Methods 

2.1. Participants 

A total of 157 participants took part in this study. One participant 
dropped out because her hair was too short to collect hair samples, one 
participant did not want to provide hair samples and two other partic
ipants only provided one hair sample, resulting in a final sample of 155 
participants (with 308 observations). Participants were female, between 
18 and 35 years old (M = 23.3, SD = 3.4), naturally cycling (no hor
monal contraception for at least three months, no switch to hormonal 
contraception during the study, no current pregnancy or breastfeeding, 
no birth or breastfeeding in the previous three months, not taking 
hormone-based medication or anti-depressants). Additionally, they had 
to report that their ovulatory cycles had a regular length between 25 and 
35 days during the last 3 months. All participants signed a written 
consent form and the local ethics committee approved the study pro
tocol (no. 144). Upon completion of all sessions (see below), participants 
received a payment of 80€ or course credit. 

2.2. Procedure 

All participants took part in five individually scheduled sessions. In 
the first introductory session, participants received detailed information 
about the general procedure, duration of the study, and compensation. 
Furthermore, the experimenter checked the inclusion criteria (e.g. 
whether participants were naturally cycling). To plan the dates of the 
next four sessions, participant’s average cycle length as well as the dates 
of their last, their penultimate and the estimated date of their next 
menstrual onset were assessed. Finally, demographic data was collected. 

Sessions two to five (the testing sessions) took place during two 
(mostly consecutive) ovulatory cycles per participant. All participants 
attended two sessions while being in their fertile phase (validated with 

J. Stern et al.                                                                                                                                                                                                                                    



Comprehensive Psychoneuroendocrinology 9 (2022) 100114

3

LH tests) and two sessions while being in their luteal phase. Importantly, 
both sessions of the same cycle phase were scheduled across two sepa
rate ovulatory cycles (i.e. fertile and luteal sessions alternated). To 
control for possible effects of diurnal changes in hormone levels [30], 
sessions two to five were scheduled in the second half of the day (mainly 
between 11.30 a.m. and 6 p.m.). When arriving at the lab, participants 
first completed a screening questionnaire, assessing their eligibility and 
some control variables for saliva sampling [17]. Then we collected saliva 
samples in each of the four sessions. Hair samples were collected in 
session three and five. Each participant was enrolled in the study for 
about two months. Out of all participants who finished every testing 
session, 66 participants started with the first testing session in their 
luteal phase, 91 started testing in the fertile phase. 

2.3. Measures 

2.3.1. Ovulatory cycle phase 
Women’s cycle phase was determined by the reverse cycle day 

method, based on the estimated day of the next menstrual onset [39] 
and confirmed by highly sensitive (10 mIU/ml) urine ovulation test 
strips from Purbay®, which measure the luteinizing hormone (LH). 
More precisely, the reverse cycle day method relies on backward 
counting, i.e. counting from the day of the (estimated) next menstrual 
onset backward to the day the session takes places. It is assumed that 
ovulation occurs on average 15-days prior to the next menstrual onset 
[39]. Thus, we scheduled the fertile phase sessions on the estimated days 
preceding ovulation (between day 16 and 18 before the next estimated 
menstrual onset). The luteal phase sessions were scheduled on the days 
after ovulation (between day 4 and 11 before the next estimated men
strual onset). Scheduling was mainly done via email and was individual 
for each session and each participant, depending on the participant’s 
ovulatory cycles and schedules. Participants self-reported the actual day 
of their menstrual onset (via email to the experimenter) and used LH 
tests during their estimated fertile window to validate our cycle phase 
estimates. This gave us the possibility to reschedule sessions spontane
ously (e.g. if ovulation or menstrual onset occurred earlier than ex
pected). For this purpose, each participant received a minimum of 10 LH 
tests in the introductory session that were used at home at the estimated 
day of ovulation and the four days prior (resulting in five LH tests per 
cycle, although some participants did more tests when the five obliga
tory tests did not cover an LH surge). Participants were instructed to take 
the tests at approximately the same time each day and to self-report the 
results to the experimenter via email. LH test results suggested that 
fertile phase sessions were scheduled on average 1.12 days before 
ovulation (SD = 1.39, median = one day before ovulation, range four 
days before to three days after ovulation). Further, the actual days of the 
menstrual onset following the testing session suggested that fertile phase 
sessions were scheduled on average 17.66 days before the next men
strual onset (SD = 4.25, median = 17 days before menstrual onset, range 
41 days to six days before), whereas luteal phase sessions were sched
uled on average 7.69 days before the next menstrual onset (SD = 5.11, 
median = 7 days before menstrual onset, range 37 days before to five 
days after menstrual onset).1 

The reverse cycle day method is superior to the forward counting 
method (counting from the last menstrual onset forward to the day of 
the session), as the luteal phase is less variable in length than the 
follicular phase. Aside of ovulation assessment via ultrasound, a follow- 
up to the actual day of menstrual onset in combination with using LH 

tests is currently regarded as the gold standard in the literature on 
ovulatory cycle research (e.g. Ref. [40]). 

2.3.2. Saliva hormones 
We collected four saliva samples from each participant, one per 

testing session. Participants rinsed their mouths with water and pro
vided at least 2 ml of saliva via unstimulated passive drool. Contami
nation of saliva samples was minimized by asking participants to abstain 
from eating, drinking (except plain water), smoking, chewing gum, or 
brushing teeth for at least 1 h before each session. Moreover, partici
pants were asked to refrain from ingesting caffeine for at least 3 h before 
each session and from drinking alcohol, exercising, taking recreational 
or non-prescribed clinical drugs on the day of each session. To check 
participants’ adherence to these instructions and to assess further po
tential influences on the saliva samples and hormonal levels, a screening 
questionnaire was administered at the beginning of the session [17]. 
Samples were visually inspected for blood contamination and stored at 
− 80 ◦C directly after collection until shipment on dry ice to the 
Kirschbaum Lab at Technical University of Dresden, Germany (one 
freeze-thaw cycle). There, progesterone, testosterone and cortisol were 
assessed via LC-MS/MS (for details see Ref. [41]). The lab reported the 
following coefficients of variation (CV): progesterone (nominal 0.01 
ng/ml) intra-assay CV = 10.8%, inter-assay CV = 9.7%; testosterone 
(nominal 0.01 ng/ml) intra-assay CV = 7.2%, inter-assay CV = 8.6%; 
cortisol (nominal 0.01 ng/ml) intra-assay CV = 9.2%, inter-assay CV =
7.7%. The lab reported the following limits of quantification (LOQs): 
progesterone 5 pg/ml, testosterone 1 pg/ml, cortisol 5 pg/ml. 

2.3.3. Hair hormones 
Two hair samples were taken per participant, one during the third 

and one during the fifth session (approx. one month apart). For this 
purpose, participants’ hair was pinned up and two wisps of hair from the 
back of participant’s head (each with a diameter of min. 3 mm) were 
separated and tightened with a thread. Then, both strands were cut as 
close as possible to the scalp, packed up in aluminium foil and the scalp- 
near ends were marked on the foil. Samples were stored under dry 
conditions until shipment to the Kirschbaum Lab, where progesterone, 
testosterone and cortisol were assessed via LC-MS/MS (for details see 
Ref. [42]). Importantly, for each hair sample, the last grown 1 cm of hair 
(closest to the scalp) was analyzed, corresponding to the average hor
mone levels of the last month. Our and the labs aim was to obtain 7.5 mg 
of hair for this 1 cm segment, which worked out for the majority of 
samples. However, as some participants had very short or very thin hair 
(or only agreed to provide a smaller amount of hair), we did not manage 
to reach the optimal weight level for all samples (median 7.5 mg, range 
0.6 mg–7.5 mg2). The lab reported the following LOQs: progesterone 
0.09 pg/mg, testosterone 0.08 pg/mg, cortisol 0.09 pg/mg. The 
following CVs were reported: progesterone (nominal 0.5 pg/mg) 
intra-assay CV = 7.1%, inter-assay CV = 8.3%; testosterone (nominal 
0.5 pg/mg) intra-assay CV = 8.1%, inter-assay CV = 8.8%; cortisol 
(nominal 0.5 pg/mg) intra-assay CV = 8.4%, inter-assay CV = 8.8%. 

2.4. Statistical analyses 

All analyses in the current manuscript were computed with the sta
tistic software R 4.0.5 [43]. The following packages were used: psych 
2.1.6 [44], dplyr 1.0.7 [45], reshape2 1.4.4 [46], ggplot2 3.3.5 [47], 
ggpubr 0.4.0.999 [48], cocor 1.1–3 [49], DescTools 0.99.43 [50], 
nopaco 1.0.6 [51], RVAideMemoire 0.9–80 [52]. Open data and analysis 
script are available at https://osf.io/nxvrb/. 

1 Note that the scheduled days suggest that, while the vast majority of par
ticipants were sampled appropriately, some participants have been missampled 
(e.g. due to very irregular cycles), as reported in detail in Ref. [10]. As the 
current manuscript focusses on whether hormones in saliva and hair are asso
ciated, not on effects of fertility, we decided to include all hormonal data in the 
analyses. 

2 Note that 7.5 mg is the maximum value here, as 7.5 mg were analyzed even 
if the sample was heavier due to the standard procedure of the lab. 
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3. Results 

3.1. Preliminary analyses and analytical decisions 

We first checked hormone concentration ranges for all assayed hor
mones. A number of assays dropped out from further analyses because of 
“not detectable” hormone concentrations (likely because the levels were 
below the limit of quantification), resulting in 304 observations for 
saliva progesterone (− 4), 307 for saliva testosterone (− 1), 308 for saliva 
cortisol (− 0), 305 for hair progesterone (− 3), 224 for hair testosterone 
(− 84) and 305 for hair cortisol (− 3). Ranges for the remaining saliva 
hormone levels were: 0.26–1480 pg/ml for progesterone, 1.39–302 pg/ 
ml for testosterone, 0.06–33.98 nmol/l for cortisol. Ranges for the 
remaining hair hormone levels were: 0.08–223.65 pg/mg for proges
terone, 0.09–838 pg/mg for testosterone, 0.15–73.58 pg/mg for cortisol. 
The reported values suggest that there were a few substantial outliers 
and that the data was not normally distributed. Thus, we decided to a) 
compute non-parametric tests to analyze our data and b) log-transform 
our data and repeat all analyses with parametric tests for robustness 
checks.3 Log transforming the data substantially increased the normality 
of the data (see qq plots in the open script for comparisons). Although 
some of our variables were not normally distributed after log trans
formation, we still decided to keep these analyses to show whether they 
lead to different results compared to the non-parametric tests, as log 
transforming hormone variables and performing parametric tests after
wards is standard practice in psychoneuroendocrinology. 

3.2. Stability of hormone measures 

To analyze the stability of hormone concentrations across cycles, we 
split our data into hormone samples from the two investigated months 
per person. Then, we computed Spearman rank correlations between 
assays of both months. For this purpose, the two saliva samples from 
each month were averaged (following [27]). Saliva samples of both 
months were moderately to highly correlated (for progesterone, ρ =
0.42, p < .001, 95% CI = [0.26; 0.56], for testosterone, ρ = 0.76, p <
.001, 95% CI = [0.68; 0.82], for cortisol, ρ = 0.41, p < .001, 95% CI =
[0.27; 0.54]), suggesting stability, but also variability of averaged saliva 
hormones between cycles. As described above, we also computed 
Pearson correlation coefficients for log-transformed data. Results were 
comparable to the Spearman rank correlations (for progesterone, r =
0.34, p < .001, 95% CI = [0.19; 0.47], for testosterone, r = 0.78, p <
.001, 95% CI = [0.70; 0.83], for cortisol, r = 0.44, p < .001, 95% CI =
[0.31; 0.56]; Fig. 1). 

Hair hormones of both months were substantially correlated as well 
(for progesterone, ρ = 0.67, p < .001, 95% CI = [0.56; 0.77], for 
testosterone, ρ = 0.57, p = <.001, 95% CI = [0.38; 0.73], for cortisol, ρ 
= 0.68, p < .001, 95% CI = [0.56; 0.78]). Parametric Pearson correla
tions of the log-transformed data that were conducted for robustness 
checks revealed comparable results (for progesterone, r = 0.71, p < .001, 
95% CI = [0.62; 0.78], for testosterone, r = 0.76, p < .001, 95% CI =
[0.66; 0.83], for cortisol, r = 0.62, p < .001, 95% CI = [0.51; 0.71]; 
Fig. 2). 

As correlation coefficients for stability of hair and saliva samples 
differed, we tested whether stability of hormone levels in hair and saliva 
were significantly different from each other. Fisher’s z tests (based on 
[53] revealed that stability of hair progesterone (z = 12.93, p < .001; 
log-transformed data: z = 4.53, p < .001) was significantly higher 
compared to the respective saliva levels. Whether testosterone and 
cortisol levels were more stable in hair than in saliva depended on data 
transformation: with testosterone being more stable in hair in the 

untransformed dataset (z = 17.00, p < .001; log-transformed data: z =
− 0.37, p = .711), but cortisol in hair being more stable in the 
log-transformed dataset (z = − 0.39, p = .695; log-transformed data: z =
2.10, p = .036). 

Next, we also computed non-parametric concordance coefficients 
(CCCs [58]) and parametric intraclass correlation coefficients (ICCs, for 
the log-transformed dataset) for all four saliva samples per participant, 
as averaged values might inflate the correlation coefficients due to 
reduced session-to-session fluctuations. Results suggest moderately to 
highly stable levels of testosterone (CCC = 0.80, ICC = 0.85) and cortisol 
(CCC = 0.73, ICC = 0.65): Levels of progesterone expectedly showed 
stronger fluctuations across the sessions, especially for the parametric 
ICCS (CCC = 0.65, ICC = 0.22), as two samples come from fertile and 
two from luteal cycle phase sessions. 

3.3. Correlations between hormone concentrations in hair and saliva 

Saliva hormone levels from all sessions were averaged and correlated 
with the average of both hair hormone levels. Results show that saliva 
and hair values for progesterone (ρ = 0.48, p < .001, 95% CI = [0.34; 
0.60]) and testosterone (ρ = 0.38, p < .001, 95% CI = [0.21; 0.51]) are 
significantly correlated, whereas the correlation between saliva and hair 
cortisol was small, with the 95% confidence interval including zero (ρ =
0.12, p = .131, 95% CI = [− 0.06; 0.28]). Results were virtually identical 
when computing Pearson correlation coefficients for the log- 
transformed dataset (for progesterone, r = 0.46, p < .001, 95% CI =
[0.33; 0.58], for testosterone, r = 0.48, p < .001, 95% CI = [0.34; 0.60], 
for cortisol, r = 0.08, p = .316, 95% CI = [− 0.08; 0.24]; Fig. 3). 

Again, as averaging the values might inflate the correlation co
efficients, we decided to additionally analyze correlations of single 
samples (e.g. first saliva sample with first hair sample), which is also in 
line with the analyses reported by Wang and colleagues (2019). Results 
(displayed in Table 1) suggest medium sized associations between pro
gesterone or testosterone samples (for progesterone from the luteal 
phase sessions only) and the corresponding hair sample. Effects for as
sociations of cortisol from saliva with the corresponding hair samples 
were small (and non-significant). 

3.4. Robustness checks 

Besides the already reported robustness checks, we decided to repeat 
all of our analyses, but with not detectable hormone levels replaced by 
the level of quantification value (the smallest value that could still be 
detected by the analysis method), to account for the large number of 
missing values for some hormones in some sample materials (especially 
missing testosterone levels from hair samples). Results were virtually 
identical to the results reported above. 

4. Discussion 

The present study investigated whether steroid hormone levels in 
hair and saliva correlate with each other and whether levels are stable 
across two ovulatory cycles, by employing a large dataset and analyzing 
samples via the current gold standard method LC-MS/MS. Results sug
gest that average hormone levels of progesterone, testosterone and 
cortisol in saliva and hair are moderately stable across two cycles. 
Progesterone levels seem to be more stable in hair than in saliva. Hor
mone concentrations of averaged as well as single session testosterone 
and luteal phase progesterone in saliva and hair were moderately 
correlated as well, whereas the correlation between levels of salivary 
and hair cortisol was rather weak. 

4.1. Stability of hormone measures 

Regarding the stability of saliva samples, progesterone, testosterone 
and cortisol were somewhat stable across two ovulatory cycles. As saliva 

3 We also checked whether different outlier exclusion criteria lead to differ
ences in our results. However, results remained virtually identical when 
different outlier exclusion criteria were applied. 
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samples also capture moment-to-moment fluctuations, are easily influ
enced by emotional states and stress, and progesterone in particular 
fluctuates strongly across the ovulatory cycle, the reported correlation 
coefficients are in a range that can be expected for measurement sta
bility of these hormones. Testosterone levels in saliva seem to be highly 
stable, as suggested by the averaged associations, as well as the strong 
concordance coefficients and intraclass correlations from single ses
sions. The finding that progesterone levels in women’s hair samples 
showed stronger test-retest associations across two ovulatory cycles than 
in saliva suggest that levels of progesterone in women’s hair indeed 
reflect stable long-term hormonal concentrations and could be used to 
study between-women differences in hormones and to more accurately 
adjust for between-women differences in studies of within-woman ef
fects. Still, two averaged saliva samples across the cycle, especially for 
salivary testosterone, could be a good indicator for between-women 
baseline hormone levels. 

Our findings fit to the previous literature reporting that single hair 

cortisol assessments comprise a strong trait component and are stable 
across multiple assays [31]. We provide first evidence for the stability of 
hair progesterone. Further, our findings regarding the stability of 
testosterone levels in hair are in line with those reported by Wang and 
colleagues (2019) and suggest that hair samples are appropriate for 
studying between-women hormone associations of testosterone as well. 

4.2. Validity of hormone measures in hair and saliva 

While our results suggest small-to-medium sized associations be
tween averaged hair and saliva progesterone and testosterone, averaged 
cortisol levels from saliva samples seem to be only weakly correlated 
with levels from hair samples from the respective time span. Associa
tions between hair and saliva samples from single sessions suggest that 
the cycle phase in which the sample was assayed matters, at least for 
progesterone levels, as luteal phase saliva samples showed significant 
higher associations between hair and salivary hormone levels compared 

Fig. 1. Associations between two averaged hormone levels from saliva samples across two ovulatory cycles 
Note: A = association between averaged salivary progesterone levels from both cycles, B = association between averaged salivary testosterone levels from both cycles, 
C = association between averaged salivary cortisol levels from both cycles. 
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to fertile phase samples. A potential explanation for this result is that 
progesterone levels fluctuate profoundly across the ovulatory cycle [7]. 
More precisely, whereas progesterone levels are usually low and not 
very variable in the follicular phase, they rise substantially across the 
luteal phase, often being more than ten times higher as compared to the 
follicular phase. Indeed, in our sample, progesterone levels across the 
luteal phase samples had a standard deviation that was more than four 
times higher as compared to fertile phase progesterone levels. The 
variability of observations substantially affects the size of correlation 
coefficients, with more variability leading to higher correlation co
efficients (e.g. Ref. [54]). 

Whereas this is the first study that investigated the links between 
salivary and hair progesterone (to our knowledge), our results on 
cortisol fit into the range of previously reported correlation coefficients 
between hair and salivary cortisol [29]. Cortisol secretion in saliva 
shows substantial situational variability, e.g. through exercising, 

smoking, food intake or circadian rhythmicity [29]. Although we tried 
to control for these influences, and cortisol across both hair and saliva 
samples was considerably stable, our results suggest that two salivary 
cortisol samples per cycle are not a sufficient indicator for long-term 
cortisol levels (which is in line with Stalder and colleagues, 2017, in
terpretations). Rather, it seems that more saliva samples are needed to 
validly match cortisol levels from hair. While Short and colleagues 
(2016) report that cortisol levels from saliva samples collected each day 
across a period of 30 days show considerable correlations with hair 
cortisol reflecting the same 30-day period (r = 0.61), another study 
shows that averaged cortisol levels from six saliva samples already show 
correlations up to r = .57 with hair cortisol [55]. 

Our reported association of averaged testosterone levels from 
women’s hair and saliva was smaller, whereas the single sample asso
ciations were larger than the association reported by Ref. [27]. Differing 
methods might explain differences in results. Notably, in Ref. [27] study, 

Fig. 2. Associations between hormone levels from hair samples across two ovulatory cycles 
Note: A = association between hair progesterone levels from both cycles, B = association between hair testosterone levels from both cycles, C = association between 
hair cortisol levels from both cycles. 
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correlations increased with the amount of salivary measures that were 
averaged. Please note that the same was evident for cortisol levels in a 
different study [56]. Given that Wang and colleagues (2019) collected 
four saliva samples per ovulatory cycle, whereas we collected two 
samples within the same time span, it is possible that correlations might 
be higher when more saliva samples within-person are collected. This 
claim is also supported by our results, as multiple averaged saliva 
samples showed higher associations with levels from hair samples than 
single saliva samples. Another potential explanation for differences be
tween our and Wang and colleagues (2019) results is that the weight of 
the used hair samples differed between both studies. Our samples 
weighed substantially less (Wang and colleagues (2019) used 15 mg hair 
samples), potentially also resulting in a larger number of missing values 
for testosterone levels in hair. Moreover, immunoassays (as used in 
Ref. [27]) and LC-MS/MS require different levels of the targeted 
chemical to reach a certain level of precision, which may also have 
influenced the large number of missing values for hair testosterone in 
our study. However, as our sample size was much larger than those of 
previous studies and LC-MS/MS analyses are regarded to be more valid 
than immunoassays [34], especially when analyzing testosterone levels 
in women [57], it is also possible that the strength of the relationship 
between salivary and hair testosterone has been overestimated 

Fig. 3. Associations between averaged hair and saliva hormone levels 
Note: A = association between hair and salivary progesterone, B = association between hair and salivary testosterone, C = association between hair and salivary 
cortisol. Avg = average, prog = progesterone, test = testosterone. 

Table 1 
Pearson correlation coefficients of the single session saliva and hair samples 
from the corresponding month.   

Progesterone Testosterone Cortisol 

Fertile session 1 ρ = .01, ρ = .25, ρ = .01, 
Spearman-rank p = .930 p = .010 p = .929 
Pearson r = .01, r = 43, r = .001, 

p = .901 p < .001 p = .991  

Luteal session 1 ρ = .40, ρ = .44, ρ = .09, 
Spearman rank p < .001 p < .001 p = .264 
Pearson r = .42, r = .21, r = − .01, 

p < .001 p = .029 p = .903 
Fertile session 2 ρ = .01, ρ = .19, ρ = .10, 
Spearman rank p = .910 p = .052 p = .232 
Pearson r = .07, r = .49, r = .10, 

p = .421 p < .001 p = .204 
Luteal session 2 ρ = .33, ρ = .27, ρ = .10, 
Spearman-rank p < .001 p = .005 p = .222  

Pearson r = .44, r = .41, r = .14, 
p < .001 p < .001 p = .087 

Note: The pearson correlation coefficients were computed on the log- 
transformed dataset. 
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previously. Overall, averaged values from multiple progesterone or 
testosterone saliva samples seem to be a somewhat valid indicator of 
hormone levels in hair and vice versa, whereas individual saliva samples 
seem to be more prone to daily fluctuations or systematic fluctuations 
across the cycle, as expected. Thus, hair samples might be superior to 
saliva samples when obtaining baseline hormone levels and investigate 
between-women differences in hormones and their effects. 

4.3. Limitations 

As described above, we only collected two saliva samples per person 
per cycle, which is the time span covered by one hair sample in our 
study. We collected the samples across two distinct cycle phases to 
capture high within-cycle fluctuation of hormones. However, to better 
understand whether hair hormones provide a cumulative index of the 
daily variation in saliva hormones across the ovulatory cycle, more 
frequent (ideally daily) saliva samples per person would be desirable. 
Further, we did not manage to obtain enough hair from each participant 
to reach a sample weight of 7.5 mg of hair for all samples, which might 
have led to a higher rate of missing values for some hormone levels. The 
high rate of samples with testosterone levels below detection threshold 
in hair is a clear limitation and could potentially also be due to the 
sensitivity of the analysis method used. Ideally, we would have a third 
well-validated measure, such as serum levels of testosterone, to better 
understand the validity of testosterone levels in saliva and hair towards 
the lower end of the range. 

4.4. Implications for future studies 

The results of our study provide a number of implications for future 
studies, especially for studies investigating potential between-women 
hormone effects (across the ovulatory cycle). First, although we found 
that hormone levels in saliva and hair were somewhat stable across two 
cycles, there were still (sometimes large) fluctuations. More precisely, 
the cycle phase in which saliva samples are collected matters for the 
validity of the between-women hormone measure, especially for sali
vary progesterone. Future studies should rather aim for collecting hair 
samples when interested in between-women effects of progesterone or, 
in case hair samples are not possible, they should aim to collect multiple 
saliva samples across the luteal phase to maximise the validity of their 
hormone measure. 

Second, our results suggest that whether hair or saliva samples are 
collected to investigate hormonal effects may also influence the results 
for cortisol. Single or a few averaged saliva samples do not seem to 
reflect long-term cortisol levels, as measured in hair. When interested in 
effects of long-term cortisol or to get a precise and valid indicator of 
between-women differences in cortisol, future studies should aim to 
collect hair samples rather than saliva samples. Nevertheless, previous 
studies suggest that increasing the amount of collected saliva samples to 
at least six samples per participant could substantially increase the 
validity of between-women estimates for cortisol [55,56]. 

Third, regarding testosterone levels, saliva and hair samples were 
almost equally stable across two cycles. However, as the correlation 
between hair and saliva samples already increased when averaging 
multiple saliva samples (as compared to one single sample), and a pre
vious study with four averaged saliva samples per cycle reported a 
stronger association with hair testosterone [27], we also recommend 
collecting a larger amount of saliva samples per participant when 
interested in between-women testosterone effects. Further, we would 
like to highlight the importance of a highly sensitive (LC-MS/MS) 
method in combination with getting an appropriate amount of weight 
for hair samples to reduce the number of values below the limit of 
quantification. 

Fourth, it might be interesting for future studies to see that analyzing 
hormone data using non-parametric tests or log-transforming data and 
computing parametric tests did not meaningfully affect the results for 

the vast majority of analyses. Thus, both procedures might be reasonable 
to consider. Fifth, we encourage other researchers to investigate the 
reliability and validity of hormone samples, as hormones and their ef
fects are examined in an increasing amount of studies but standards for 
accurate hormone measurement continue to evolve. 

5. Conclusion 

In summary, our results provide evidence that hair and salivary 
hormone levels are moderately correlated for testosterone and proges
terone, but rather weakly for cortisol. Hormones in hair and saliva 
samples seem to be moderately stable across two ovulatory cycles. At 
least progesterone levels show higher stability in hair samples as 
compared to saliva samples. Future studies should collect daily saliva 
samples to compare their average value to hormone levels from hair, and 
use the most valid methods possible to assess hormone levels. 
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