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Some, but not all studies using the Trier Social Stress Test (TSST) have demonstrated evidence in support of sex
diﬀerences in salivary cortisol. The aim of the current meta-analysis is to examine sex diﬀerences in salivary
cortisol following exposure to the TSST. We further explored the eﬀects of modiﬁcations to the TSST protocol
and procedural variations as potential moderators. We searched articles published from January, 1993 to
February, 2016 in MedLine, PsychINFO, and ProQuest Theses and Dissertations. This meta-analysis is based on
34 studies, with a total sample size of 1350 individuals (640 women and 710 men). Using a random eﬀects
model, we found signiﬁcant heterogeneity in salivary cortisol output across sexes, such that men were observed
to have higher cortisol values at peak and recovery following the TSST compared to women. Modiﬁcations to the
sampling trajectory of cortisol (i.e., duration of acclimation, peak sampling time, and duration of recovery)
signiﬁcantly moderated the heterogeneity across both sexes. Further, there are observed sex diﬀerences at
various time points of the reactive cortisol following the TSST. Lastly, current results suggest that these sex
diﬀerences can be, at least in part, attributed to variations in methodological considerations across studies.
Future research could advance this line of inquiry by using other methods of analyses (e.g., area under the curve;
AUC), in order to better understand the eﬀects of methodological variations and their implications for research
design.

1. Introduction
Sex diﬀerences in stress reactivity have increasingly received
empirical attention (Juster et al., 2016). The Trier Social Stress Test
(TSST) is a well-validated and widely used method to induce an acute
stress response within a laboratory setting (Dickerson and Kemeny,
2004; Kirschbaum et al., 1993). The original protocol proposed by
Kirschbaum et al. (1993), is a standardized procedure that reliably
elicits moderate to large physiological and subjective stress responses
across diﬀerent age groups in both sexes (Kudielka et al., 2004).
The components of the standardized TSST include an anticipation
period, a speech and a verbal mental arithmetic task. The testing
procedure begins with participants gradually adjusting to the laboratory environment for 30 min in the ﬁrst testing room (room A), known
as the acclimation period. Participants are then guided to a second
room (room B) where they are given speciﬁc instructions regarding the
speech task, and are introduced to the panel of evaluators (confeder-
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ates). Subsequently, participants are then led back to room A, and are
given 10 min to prepare their speech (e.g., mock job interview).
Following the anticipatory period, participants return to room B and
perform their speech (5 min), followed by a verbal mental arithmetic
task (5 min) in front of the panel of evaluators. To increase social
evaluative threat, participants are informed that their performance will
be video recorded and the evaluators are instructed to adopt a nonresponsive demeanor. Upon completion, participants are escorted back
to room A for the duration of the recovery period (30–70 min
depending on the target hormones being measured). When reproduced,
components of the TSST may vary slightly across studies (e.g., length of
each task, content of speech, etc.), which may aﬀect variability in
reactivity in the sampled population (Kirschbaum et al., 1993).
Cortisol is the ﬁnal output of the hypothalamic pituitary adrenal
(HPA) axis, the main hormonal stress system within the body and is
commonly used as a biomarker of psychological stress (Hellhammer
et al., 2009; Kirschbaum et al., 1993). Obtaining cortisol from saliva is
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considered to be a less invasive procedure compared to other methods
(e.g., serum), which likely contributes to the large popularity of the
approach. Further, given that the biologically active fraction of cortisol
is reﬂected in saliva, it can be a preferred measure relative to serum
cortisol (Hellhammer et al., 2009; Kudielka et al., 2012).
The standardized protocol by Kirschbaum et al. (1993) recommends
the collection of saliva in 10–30 min intervals throughout the experiment for subsequent analysis of cortisol. Typically, the baseline value of
cortisol is collected 30 min following acclimation and prior to the start
of the TSST. The duration of the acclimation period is necessary to
ensure that participants have suﬃcient time to adapt to the laboratory
environment. To observe peak reactivity of salivary cortisol, it is
typically collected between 10 and 25 min post-TSST, whereas recovery
collections extend up to 70 min post-TSST. Given the time-sensitive
nature of cortisol reactivity, altering the time-course of cortisol collection may inﬂuence the cortisol values obtained (Del Giudice et al.,
2011).
In addition to alterations in sampling time points, biological sex is a
signiﬁcant factor inﬂuencing cortisol responses to acute psychosocial
stress and subsequent cortisol output (Kirschbaum et al., 1992).
Consistent sex diﬀerences exist in cortisol output in response to acute
stress (see Zimmer et al., 2003), with most studies reporting higher
cortisol output in men following the TSST (reviewed in Kudielka and
Kirschbaum, 2005; for non-signiﬁcant diﬀerence see, for example, Kelly
et al., 2008). Following exogenous cortisol administration, women tend
to show higher levels of glucocorticoids compared to men (Gaﬀey et al.,
2014). Further, men tend to exhibit a signiﬁcantly higher anticipatory
cortisol response to stress relative to women (Engert et al., 2013;
Kirschbaum et al., 1992).
Finally, it has been postulated that women tend to respond to stress
in more socially oriented ways (Taylor et al., 2014), such that they may
be more susceptible to the social-evaluative components within the
TSST. Past meta-analyses exploring sex diﬀerences have not provided
conclusive support for speciﬁc sex diﬀerences in cortisol reactivity
during experiments using TSST, and have yet to evaluate factors that
may contribute to these diﬀerences (Dickerson and Kemeny, 2004; Otte
et al., 2005). Thus, it is unclear whether components within the TSST
can lead to varied responses across both sexes. Although gender and
biological sex could both distinctively contribute to diﬀerences in
salivary cortisol, it should be noted that the focus of this meta-analysis
is exclusive to biological sex, whereas the discussion of gender as a
construct is beyond the scope of the current study.
The goal of the current meta-analysis is to substantiate sex
diﬀerences in salivary cortisol following exposure to the TSST.
Importantly, an exploratory aim of our meta-analysis is to examine
how modiﬁcations to the TSST (length of tasks, content of speech and
presence of confederates) and procedural variations (length of acclimation, time of sampling peak, length of recovery, and the number of
saliva samples) may inﬂuence salivary cortisol output across sexes.

of normative cortisol levels; 2) participants who completed all portions
of the TSST (i.e., anticipation, speech and mental arithmetic); 3)
salivary cortisol as the sole sampling method; and 4) collection of a
minimum of three salivary cortisol samples to capture the time course
of reactive cortisol secretion following stress exposure.
Articles were excluded based on the following: (1) studies that
employed clinical samples and/or pharmacological intervention, as
either may alter cortisol reactivity compared to a healthy population;
(2) studies with a focus on identifying genetic polymorphisms as they
were often grouped based on allele types, rather than sex, and may
serve as a confound; (3) studies with multiple stressors or multiple TSST
exposures, as stress habituation and knowledge of additional exposures
can aﬀect cortisol output; and (4) studies that had 5 min or less before
and after the TSST as this duration of time is not suﬃcient for
acclimation and recovery before and after exposure to stress.
The literature search identiﬁed 1916 articles and theses. After
removing duplicates, 1510 unique published and unpublished studies
were identiﬁed. The relevance of every article was determined in two
stages: title and abstract, and full article. After applying the inclusion
and exclusion criteria, a total 1315 articles were excluded based on
information found in the study's title and abstracts. If the necessary
information was not provided in the titles and abstracts to make a
conﬁdent decision, the article was retained for full-text review. Of the
remaining 195 articles, full texts were retrieved and reviewed in their
entirety to ensure the studies adhered to the inclusion and exclusion
criteria. At this stage, 129 full text articles were excluded. A total of 66
articles were reviewed and retained. Of these articles, 22 studies
contained data that could be extracted via in text or published ﬁgures.
Web Plot Digitizer (Rohatgi, 2016) was used to extract the means and
standard deviations of cortisol at each time point in study ﬁgures. The
remaining 44 studies did not report the necessary information to allow
for data extraction (i.e., mean cortisol values and standard deviations
separated by sex) and required author contact to request missing
information. A total of 12 authors provided useable data that were
included in the analysis. Overall, a total of 34 studies with independent
samples were included in the current analysis (see Fig. 1). Three
authors (J.L., N.E., & V.H.) evaluated the titles and abstracts independently. Final article selected based on full text review was done by J.L.
and N.E. All discrepancies regarding ﬁnal article selection was resolved
through discussion; however, there were no disagreements in ﬁnal
article evaluations (i.e., inter-rater reliability was 100%).
2.3. Data extraction and coding
Sample characteristics and study results were extracted, including:
sex distribution of sampled population, age of participants, time points
of cortisol sampling, and the means and standard deviations of each
cortisol sample separated by sex. To ensure equivalence among units of
measurements across studies, we converted all units to nanomoles per
liter (nmol/L). The general TSST characteristics were extracted as
possible moderators. If available, the following information regarding
any modiﬁcations to the original, standardized TSST procedures were
included: length of each task, speech content, and presence of confederates. These were further coded as yes if diﬀerent from the
standardized protocol, or no, if they did not deviate from the
standardized TSST protocol (Kirschbaum et al., 1993).
Of the extracted study characteristics, the duration of the experiment varied largely between studies. In particular, the length of the
TSST and cortisol collection time points were often inconsistent across
study methodologies. To address this, we standardized the timeline of
the experimental procedure to normalize the diﬀerences in TSST
duration by measuring time, in minutes, relative to the TSST. We
coded the entirety of the TSST protocol, starting with the anticipation
period as 0; the length of the baseline period prior to anticipation was
coded as negative in minutes, in relation to the TSST; and the length of
time following the arithmetic component of the TSST was coded as

2. Method
2.1. Study selection
Our searches were conducted using Medline, PsychINFO, and
Proquest Theses and Dissertations databases. The search was completed
on February 17, 2016, and incorporated articles that were published
since the conception of TSST (September 1993; Kirschbaum et al.,
1993) to February 2016. The search terms included “cortisol” AND
“Trier Social Stress Test” OR “TSST”. Articles that contained the abovenoted keywords were retained.
2.2. Inclusion and exclusion criteria
There were four inclusion criteria for the current meta-analysis: 1)
healthy human adults between the ages of 18 and 65 to ensure sampling


Fig. 1. Preferred reporting items for systematic reviews and meta-analysis (PRISMA) ﬂowchart of the procedure used in article selection.

positive in minutes, in relation to the TSST. Additionally, we standardized the timeline of the cortisol collection to normalize the range as
representative of that of reactive cortisol. We coded the time points into
three cortisol trajectory phases: baseline, peak and recovery. Baseline
was determined by selecting the sampling time point toward the end of
a period of acclimation, and closest to the start of the TSST (time closest
to −1 min; Kirschbaum et al., 1993). Peak was determined by selecting
the time point with the highest cortisol value that ranged between 1
and 30 min post-TSST. Finally, recovery was established by selecting
the time point closest to 60 min following the termination of the TSST,
as this ensures adequate time for recovery.
Lastly, we also coded for additional study characteristics that may
have inﬂuenced salivary cortisol output, including sampling time of the
day (Putnam et al., 2009), menstrual cycle (Villada et al., 2014a,b), and
oral contraceptive use (OC; Roche et al., 2013). With regards to
sampling time, 30 studies reported information on time of day in
cortisol sampling. Of these studies, 29 sampled cortisol in the afternoon
and evening, between 12:00 pm to 19:30 pm, while one study sampled
during the morning. The remaining four studies did not provide this
information. As such, sampling time of the day could not be used as a
moderator. Of the 26 studies that had female samples, six studies
contained information on menstrual cycle, and were coded as a binary
moderator, whereby studies either controlled for menstrual cycle
(sampling within late luteal or follicular phases), or they did not.
Additionally, OC use was coded as a binary moderator, whereby studies
either controlled for oral contraceptive use by sampling only women on
OC, or studies that only sampled women that were not on OC. Of these
studies, seven contained women not on OC, while ﬁve used samples on
OC.

2.4. Data analytic plan
All analyses were conducted using Comprehensive Meta-Analysis
software (CMA) version 3.0 software (Borenstein et al., 2014). The
following information was inserted into CMA: sex, sample size, mean
and standard deviation of cortisol at baseline, peak and recovery. Sex
was entered as a subgroup within each study (men and women), while
time points were entered as separate outcomes within the study
(baseline, peak, and recovery). For the main analysis of sex, we used
Q statistics to assess for homogeneity of group means across various
study outcomes (baseline, peak, and recovery). Using a random eﬀects
model, sex diﬀerences are reported as mean diﬀerence.
An additional goal of our meta-analysis was to examine the impact
of modiﬁcations to the TSST protocol on cortisol reactivity. We therefore conducted a moderator analysis on the eﬀects of modiﬁcation on
salivary cortisol outputs. We also assessed for the impact of additional
study procedural variations on cortisol output as possible moderators,
which included the number of cortisol samples, length of acclimation
period, time of peak cortisol value, and length of recovery period. A
meta-regression with random eﬀects model with moment method
examined the impact of these moderators on overall homogeneity.
After identifying signiﬁcant moderators through a meta-regression, J.L.
and N.E. then categorically coded moderators based on whether they
deviated from the original study design of a TSST (Kirschbaum et al.,
1993). Finally, Q statistics were used to examine the speciﬁc moderator's eﬀects on homogeneity of both sexes’ salivary cortisol output,
using a random eﬀects model.
Using Duval and Tweedie's (2000) trim-and-ﬁll procedure, we
examined potential publication bias. Using this method, we examined
the plotted means of each study against a funnel plot generated of



imputed means (precision of study). The visual plot should represent a
funnel if no publication bias is present. Further, we used a fail-safe
analysis to examine the number of unpublished studies required to
nullify the meta-analytic ﬁndings.

for any signiﬁcant variance (b = 0.20, CI [−0.13, 0.53], Z = 1.17,
p = .24). The coeﬃcients for model change and individual procedural
variations are shown in Table 2.
Based on signiﬁcant model changes in variance accounted for
through procedural variations, we examined the diﬀerences in these
three variables based on the original study protocol as proposed by
Kirschbaum et al. (1993). For the signiﬁcant coeﬃcient found on length
of acclimation (b = 0.05, CI [0.00, 0.09], Z = 2.03, p = .04), we
compared the recommended length of acclimation (≥30 min) with
studies that did not meet this requirement (≤29 min), and categorically
tested for homogeneity across sex and cortisol outcomes. For studies
that met the required length of acclimation, we found no signiﬁcant
heterogeneity across sex in cortisol output at any time points
(p = .13–.85). However, for studies that did not met the requirement,
we found signiﬁcant heterogeneity in salivary cortisol between sex at
all time points (baseline, peak, and recovery; p < .05). Summary
statistics for Q values are shown in Table 3.
Based on signiﬁcant model changes in variance accounted for
through sampling time point at cortisol peak value (b = 0.19, CI
[0.11, 0.27], Z = 4.65, p < .001), we compared the recommended
time frame for cortisol peak (between 10 and 25 min) against studies
that sampled outside the mentioned time (≤9 min or ≥26 min), and
categorically tested for homogeneity across sex and cortisol outcomes.
For studies that sampled peak within the recommended time frame, our
results did not diﬀer from the initial sex diﬀerences without moderators. However, for studies that sampled peak outside of the recommended time frame, we no longer detected signiﬁcant heterogeneity
across sex on salivary output at peak and recovery (p = .37–.99).
Summary statistics for Q values are shown in Table 3.
Based on signiﬁcant model changes in variance accounted for
through length of recovery (b = −0.07, CI [−0.10, −0.04],
Z = −4.48, p < .001), we compared the required length of recovery
(≥70 min) compared to studies that did not provide adequate length of
recovery (≤69 min). Of the studies that provided a standardized length
of recovery, we no longer detected heterogeneity across sex in salivary
cortisol at peak and recovery (p = .26 to .44). However, in studies that
provided shorter recovery periods, our results did not diﬀer from the
initial sex diﬀerences observed in salivary cortisol. Summary statistics
for Q values are shown in Table 3.

3. Results
3.1. Study characteristics
Overall, a total of 34 studies were included for the purpose of our
meta-analysis. Across studies, the sample size included 1350 individuals (640 women and 710 men). Of the 34 studies, 20 studies had both
male and female participants, seven studies had only women, and seven
studies had only men. The age range was between 18 and 61 years old.
The average number of salivary cortisol samples collected throughout
studies was 5 (SD = 2.25; range = 3–13). The length of acclimation
had an average of 23 min (SD = 12.35; range = 10–60). The time of
peak cortisol post-TSST had an average of 13 min (SD = 7.68;
range = 1–32.50). The length of recovery had an average of 46 min
(SD = 20.18; range = 15–90). Fifteen studies did not modify the TSST
from the standard protocol, compared to 19 studies that modiﬁed the
TSST to some extent (e.g., shortened length of tasks, change of speech
content, and absence of confederates). Characteristics of studies that
were included in the current meta-analyses are shown in Table 1.
3.2. Sex diﬀerences in salivary cortisol across study outcomes
Across studies, we examined the relationship between sex and
salivary cortisol at baseline. The mean diﬀerence between women CI
[6.15, 8.35] and men CI [6.82, 9.18] was 0.75 (SED = 0.05). Test of
homogeneity revealed sex did not have a signiﬁcant eﬀect on salivary
cortisol at baseline prior to TSST (Q = 0.84, df = 1, p = .36). Next, we
examined the relationship between sex and salivary cortisol at peak in
response to the TSST. The mean diﬀerence between women's CI [8.22,
11.05] and men's CI [13.04, 16.12] was 4.95 (SED = 0.31), whereby
men had higher values compared to women. Test of homogeneity
revealed sex accounted for a signiﬁcant amount of heterogeneity in
salivary cortisol at peak (Q = 21.50, df = 1, p < .001). Finally, we
examined the relationship between sex and salivary cortisol during
recovery. The mean diﬀerence between women's CI [6.43, 8.51] and
men's CI [8.03, 10.24] was 1.66 (SED = 0.09), whereby men had higher
values compared to women. Test of homogeneity revealed sex accounted for a signiﬁcant amount of heterogeneity in salivary cortisol
during recovery (Q = 4.61, df = 1, p = .03). These diﬀerences are
shown in Figs. 2 and 3.

3.4. Menstrual cycle and oral contraceptive use (women only)
We examined whether controlling for menstrual cycle had any eﬀect
on salivary cortisol output in women across diﬀerent time points. Tests
of homogeneity revealed that the eﬀect of menstrual cycle on salivary
cortisol in women were not signiﬁcant at baseline (Q = 0.10, df = 1,
p = .75), peak (Q = 0.22, df = 1, p = .64), or recovery (Q = 0.06,
df = 1, p = .81).
Next, we examined whether the use of OC had any eﬀect on salivary
cortisol output in women across diﬀerent time points. At baseline, the
mean diﬀerence between women not using OC CI [6.24, 9.56] and
those using OC CI [3.03, 7.38] was 2.70 (SED = 0.36). Test of
homogeneity revealed the eﬀects of OC use on salivary cortisol in
women approached signiﬁcance at baseline (Q = 3.74, df = 1,
p = .05). At peak, the mean diﬀerence between women not using OC
CI [9.44, 12.66] and those using OC CI [4.40, 8.37] was 4.66
(SED = 0.62), whereby women not on OC were observed to have
higher values compared to women on OC. Test of homogeneity revealed
that OC use resulted in signiﬁcant heterogeneity in salivary cortisol
values in women during peak (Q = 12.83, df = 1, p < .001). Finally,
during recovery, the mean diﬀerence between women not using OC CI
[5.48, 9.54] and those using OC CI [2.76, 8.15] was 2.05 (SED = 0.27).
Test of homogeneity revealed that OC use did not have a signiﬁcant
eﬀect on salivary cortisol in women at recovery (Q = 1.42, df = 1,
p = .23).
Given the signiﬁcant diﬀerences in values within women as a result

3.3. Eﬀects of modiﬁcations and procedural variations on salivary cortisol
Of the 34 studies, 19 studies modiﬁed the standardized TSST
protocol. Therefore, we examined whether modiﬁcation to the TSST
accounted for any heterogeneity across salivary cortisol. No diﬀerences
in salivary cortisol output were observed between studies that adhered
to, or deviated from, the standardized TSST protocol (p values ranged
from p = .30 to .88).
A meta-regression using a random eﬀects model with moment
method was conducted to determine whether procedural variations
moderated the magnitude of eﬀect sizes in salivary cortisol output.
Using a backwards step method, procedural variations (acclimation,
peak, recovery and saliva samples) were entered in a linear regression
model. The Q-statistics determined that at least some of the procedural
variations signiﬁcantly related to the eﬀect size (Q = 33.02, df = 3,
p < .001). Together, acclimation, peak and recovery accounted for
36% of the variance in sex diﬀerences found in salivary cortisol. Results
showed that acclimation (p = .04), peak (p < .001), and recovery
(p < .001) accounted for signiﬁcant diﬀerences in variance in salivary
cortisol. The number of salivary cortisol samples taken did not account
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M = 3.59
W = 3.50
M = 4.66
W = 4.51
M = 8.60
W = 7.53
M = 14.90
W = 12.69 (No OC)
W = 9.38 (OC)

Mean cortisol at
recovery (nmol/L)

Yes

Yes
Yes

Yes

No
Yes

No

Yes

No
Yes
Yes

No
No

Yes
No

Yes

Yes

Yes

Yes

No
No

No

Yes

Yes

No

Yes

TSST procedural
modiﬁcation (Yes/No)

Shorten TSST
(continued on next page)

Shorten TSST
Shorten TSST

Panel out – no
confederates visually
present
Shorten TSST

Shorten TSST
Panel out – no
confederates visually
present
Shorten TSST

Shorten TSST

Shorten TSST

Shorten TSST

Shorten TSST, speech
content
Shorten TSST

Shorten TSST

Shorten TSST

Shorter TSST, speech
content

If yes, what
modiﬁcation



20
34

35

23

103
21

31

19

47

(2016)
Starcke et al. (2013)
*Villada et al. (2014a)

Villada et al. (2014b)

Wetherell et al. (2015)

Wilson et al. (2015)
*Wolfram et al. (2012)

*Yim et al. (2010)

Yim et al. (2015)

*Young and NolenHoeksema (2001)

M = 20
W = 17 (OC)
W = 17 (FP)
M = 18
W = 17
M=6
W = 17
M = 103
M = 12
W=9
M = 14
W = 17
M=9
W = 10
W = 47

Men/Women
(M/W)

13

8

8

3
8

3

4

5
3

Saliva
samples

10

16

20

25
Not stated

Not stated

15

20
15

Length of
acclimation (min)

15

22

10

1
10

10

15

20
15

Time of peak
cortisol postTSST (min)

50

75

75

15
90

20

40

40
40

Length of
recovery (min)

M = 12.41
W = 6.14
M = 5.52
M = 4.24
W = 7.40
M = 6.23
W = 4.01
M = 9.11
W = 4.90
W = 8.00

M = 8.31
W = 4.59 (OC)
W = 4.01(FP)
M = 6.15

Mean cortisol at
baseline (nmol/L)

M = 15.64
W = 7.64
M = 8.55
M = 7.20
W = 6.48
M = 11.314
W = 5.49
M = 20.62
W = 4.76
W = 14.07

M = 13.44
W = 6.23 (OC)
W = 6.86 (FP)
M = 13.36

Mean cortisol at
peak (nmol/L)

M = 12.46
W = 7.10
M = 10.76
M = 3.33
W = 4.79
M = 3.73
W = 3.83
M = 7.68
W = 3.76
W = 6.90

M = 11.45
W = 5.65 (OC)
W = 4.94 (FP)
M = 8.52

Mean cortisol at
recovery (nmol/L)

Yes

Yes

Yes

Yes
No

No

No

No
No

TSST procedural
modiﬁcation (Yes/No)

Shorten TSST, speech
content
Shorten, TSST, speech
content
Shorten TSST

Shorten TSST

If yes, what
modiﬁcation

Notes. * = studies that controlled for oral contraceptive use; saliva sample = number of saliva samples taken during the study; length of Acclimation = duration of the habituation period prior to the TSST; Time of Peak Cortisol Post-TSST = time at
peak cortisol following TSST; length of recovery = duration of recovery period after TSST; mean cortisol at baseline = mean cortisol sample closest to the start of the TSST (i.e., 1 min prior to the TSST); mean cortisol at peak = mean cortisol
sample with the highest value post TSST (i.e., 1–30 min post TSST); mean cortisol at recovery = mean cortisol sample closest to an hour post TSST (60 min post TSST); nmol/L = nanomoles per liter; TSST modiﬁcation = modiﬁcation to the TSST
based on the standard TSST protocol (i.e., length of each task, presence of confederates, speech content; Kirschbaum et al., 1993); VGS = very good sleepers; GS = good sleepers; BS = bad sleepers; OC = oral contraceptive; LP = late luteal phase;
FP = follicular phase

N

Study

Table 1 (continued)

Fig. 2. Sex diﬀerences to the TSST in salivary cortisol at sampling time points.

of OC use, we then ran separate analyses comparing men with women
on OC, and men with women not on OC. At baseline, tests of
homogeneity revealed no diﬀerences in salivary cortisol across sexes
when comparing men with women using OC, (Q = 2.26, df = 1,
p = .13), or women not using OC (Q = 0.04, df = 1, p = .84). At peak,
tests of homogeneity revealed a signiﬁcant eﬀect of sex on salivary
cortisol when comparing men with women using OC, (Q = 15.88,

**

p < .001; *p < .01.

df = 1, p < .001), while the eﬀects of sex on salivary cortisol
approached signiﬁcance when comparing men with women not using
OC (Q = 3.67, df = 1, p = .055), whereby men had higher values than
women. Finally, during recovery, tests of homogeneity revealed a
signiﬁcant eﬀect of sex on salivary cortisol when comparing men with
women using OC, (Q = 6.04, df = 1, p = .01), whereby men had
higher values than women. However, salivary cortisol across sexes

Fig. 3. Forrest plots for baseline, peak and recovery.



Fig. 3. (continued)

did not diﬀer when comparing men with women not using OC
(Q = 1.81, df = 1, p = .18). Summary statistics for these diﬀerences
are shown in Table 4.

outputs across both sexes.
In our sample of 34 studies, we detected signiﬁcant heterogeneity in
salivary cortisol at peak and recovery. Speciﬁcally, men had higher
cortisol output at both time points compared to women. According to
previous ﬁndings, men may interpret stressors diﬀerently than women,
and exert more eﬀort in response to the confrontations and challenges
(Engert et al., 2013; Kirschbaum et al., 1992). Findings from our metaanalysis indicate diﬀerences in the trajectory of reactivity between
sexes, whereby cortisol levels in men following the TSST were most
prominent at peak, and continued through to recovery, relative to
cortisol levels in women.
It was evidenced that modiﬁcation to the standardized TSST
protocols (i.e., the length of tasks, content of the speech, and presence
of confederates) did not aﬀect diﬀerences in salivary cortisol. This
suggests that the standardized protocol of this psychosocial stressor is
robust despite modiﬁcations to its various components.
With respect to our other ﬁndings, we found that procedural
variations signiﬁcantly moderated sex diﬀerences in salivary cortisol
output. Speciﬁcally, in studies with an acclimation period of 30 min or
more, sex diﬀerences were no longer observed at any points of the
reactive cortisol trajectory. In contrast, for studies that had an
acclimation period of less than 30 min, we observed diﬀerences across
all time points. This suggests that the length of acclimation is an
important factor that may account for some portion of the sex
diﬀerences in salivary cortisol across time points, and more speciﬁcally,
the observable diﬀerences in cortisol output between men and women
during the anticipatory period. Given the sparse research examining
factors that may underlie sex diﬀerences in salivary cortisol responses
during the TSST, we can only speculate that this relates to previously
documented patterns of higher anticipatory salivary cortisol responses

3.5. Publication bias
We used Duval and Tweedie's (2000) trim-and-ﬁll procedure to
estimate the number of missing studies that might exist. A visual
inspection estimation of our funnel plot suggested that our sampled
studies were evenly clustered toward the peak, and nested within both
sides of the funnel plot. Point estimate of our overall eﬀect sizes for
observed and adjusted values were relatively correct, with observed
value at 6.68 CI [6.62, 6.74], and adjusted value at 5.08 CI [5.03, 5.14].
Fail-safe analysis revealed that it would take 1,322,433 studies with
nonsigniﬁcant ﬁndings to nullify the results of our current metaanalysis. In other words, there would need to be 7110 missing studies
for every observed study for the eﬀect to be nulliﬁed.
4. Discussion
The aims of our current meta-analysis were two-fold: 1) to delineate
sex diﬀerences in salivary cortisol following the TSST; and 2) to
examine the contribution of protocol modiﬁcations and procedural
variations on sex diﬀerences in salivary cortisol responses. At baseline,
we did not detect a statistically signiﬁcant sex diﬀerence in salivary
cortisol. In contrast, our analyses revealed signiﬁcant diﬀerences at
both peak and recovery between the sexes. Further, modiﬁcation to the
TSST protocol did not seem to result in signiﬁcant diﬀerences in
salivary cortisol output across studies. Lastly, we found that time of
acclimation, peak, and recovery periods moderated salivary cortisol


Fig. 3. (continued)
Table 2
Coeﬃcients of model change for meta-regression on procedural variations.

Model 1

Model 2

Steps

Slope

95% CI

Z (p)

Qb

df (Q)

p

τ2

R2

Intercept
Salivary samples
Acclimation
Peak
Recovery
Intercept
Acclimation
Peak
Recovery

7.97
0.20
0.05
0.20
−0.08
8.41
0.05
0.19
−0.07

5.76, 9.84
−0.13, 0.53
0.01, 0.10
0.12, 0.27
−0.12, −0.04
6.61, 10.22
0.00, 0.09
0.11, 0.27
−0.10, −0.04

7.48 (< .001)
1.17 (.24)
2.30 (.02)
4.82 (< .001)
−4.24 (< .001)
9.15 (< .001)
2.03 (.04)
4.65 (< .001)
−4.48 (< .001)

6641.93

145

< .001

8.32

0.38

7156.80

146

< .001

8.70

0.36

Notes. τ2 statistics refers to current model goodness of ﬁt; Q statistics refers to the goodness of ﬁt; analog R2.

in men compared to women (Engert et al., 2013; Kirschbaum et al.,
1992). Perhaps, a novel laboratory environment contributes to a more
pronounced anticipatory response in men than women. Such anticipatory response may act as an additional stressor, wherein it may
interact with responses later generated by the TSST.
With regards to timing of peak salivary cortisol, sex diﬀerences were
found for studies that adhered to the standardized TSST protocol, but
not in those that deviated from the protocol. This suggests that salivary
cortisol is very time-sensitive, and perhaps there are inherent diﬀerences in the trajectory based on times of activation. When sampling
peak cortisol, it is important to consider the possibility of diﬀerences in
the time course of cortisol reactivity in men and women.
In considering the length of recovery, it is important to note that
studies with a recovery period of more than 70 min did not ﬁnd any sex
diﬀerences at any time points. However, sex diﬀerences were evidenced
in studies with shorter recovery periods. This suggests that the length of

recovery is an important factor that may account for a portion of sex
diﬀerences in a given study design.
Additionally, it is important to consider that the moderator analyses
were conducted independently. Findings revealed that having a longer
acclimation period, variability in peak cortisol sampling, and a longer
recovery period, all contributed to nullify sex diﬀerences in reactive
salivary cortisol with regards to the TSST. Taken together, sex
diﬀerences observed at various time points may be a combination of
timing and study design. Notably, we found that length of recovery
contributed to sex diﬀerences found at peak. Due to the temporal order
of the TSST and the lack of theoretical support, it is plausible that
experimental design and rigor may underlie this unexpected ﬁnding.
Finally, the use of OC signiﬁcantly impacted variabilities in reactive
salivary cortisol. Although women, on average, had lower reactivity
than men, NOC women exhibited higher levels of salivary cortisol at
peak than those who were on OCs. Although only a small proportion of


(i.e., luteal versus follicular phase) in women, or did not specify the
methods used to control for the phase of menstrual cycle. As such, we
were limited in both our analyses and interpretation of the possible
eﬀects of menstrual cycle on overall sex diﬀerences in salivary cortisol
to the TSST.
Further, it is plausible that study design and experimental rigor
could further contribute to the sex diﬀerences that were found in the
current meta-analysis. Speciﬁcally, studies that followed the standardized protocol closely would also have tighter experimental control
placed on their sampled population, thereby accounting for some
factors that may contribute to sex diﬀerences in cortisol output.
A challenge that we encountered was that very few studies primarily
focused on stress reactivity. The TSST is often used as a peripheral tool
to induce stress in participants. Yet, the primary focus in many studies
is not to assess stress reactivity to the TSST. Rather, the TSST is often
incorporated into research designs to test for other elements, such as
memory recall, or performance under stress.
Finally, salivary cortisol is an output of the HPA axis, which can be
inﬂuenced by many interactive systems and hormones within the body,
including androgen, testosterone, and estrogen (e.g., Juster et al.,
2016). As such, sex could be a proxy for other factors, and these
diﬀerences in salivary output may be a product of the complex
interactions among many systems, and external factors that may impact
these systems. Future studies should explore the interaction of the
various physiological systems, and sampling restrictions placed upon
female populations to further elucidate sex diﬀerences in cortisol
output.
An important methodological challenge in conducting a metaanalysis is obtaining data from fellow researchers. During the data
extraction stage, it is necessary for researchers to contact authors to
obtain raw data. Despite advances in technology and research methodologies, acquiring usable data from fellow researchers remains a
challenge in the current meta-analysis. As mentioned, we were able to
recover data from only 12 of 44 identiﬁed articles that needed author
contact to obtain usable data. We thus encourage fellow scientists to
continue to share their data for research purposes.
Despite these challenges and limitations, the current meta-analysis
found signiﬁcant heterogeneity in men and women in salivary cortisol
at peak and recovery following the TSST. Further, we examined
procedural variations as potential moderating factors to these sex
diﬀerences. To our knowledge, this was the ﬁrst meta-analysis that
exclusively focused on sex diﬀerences in salivary cortisol in response to
the TSST. The main ﬁndings were consistent with emerging evidence
that examined variations in hormonal outcomes by sex (Juster et al.,
2016). The current study also provided insight into the reliability of the
TSST despite modiﬁcations to the initial protocol.
The current meta-analysis provided signiﬁcant methodological
considerations for future stress research. Particularly, we draw attention to the importance of sampling and procedural variations, and the
extent to which they can amplify or negate sex diﬀerences in salivary
cortisol output in response to an acute stressor. It is therefore important
for researchers to account for these factors when conceptualizing study
designs and methodologies. Further, future research should continue to
elucidate factors that may inﬂuence sex diﬀerences such as age,
hormonal variations, and/or use of medication.

Table 3
Q statistics on sex diﬀerences in salivary cortisol based on procedural variations.

Acclimation
≥30 min
≤29 min
Peak
10–25 min postTSST
≤9 mins/≥26 min
Recovery
≥70 min
≤69 min

Baseline (Q, df,
p)

Peak (Q, df, p)

Recovery (Q, df, p)

0.04, 1, 0.85
5.11, 1, 0.02a

2.24, 1, 0.13a
28.43, 1, < 0.001

2.22, 1, 0.14a
6.42, 1, 0.01

2.20, 1, 0.14

21.35, 1, < 0.001

3.89, 1, 0.05

0.00, 1, 0.99

0.80, 1, 0.37a

0.38, 1, 0.54a

0.60, 1, 0.44
2.05, 1, 0.15

0.88, 1, 0.35a
21.37, 1, < 0.001

1.28, 1, 0.26a
8.35, 1, < 0.01

Notes. Q statistics refers to homogeneity test; df refers to degrees of freedom; p < .05.
a
Indicates moderator eﬀects of procedural variations that are signiﬁcantly diﬀerent
from initial ﬁndings on sex diﬀerences.
Table 4
Summary statistics on sex diﬀerences in salivary cortisol based on oral contraceptive use.
Mean diﬀerence

Standard error (SED)

Conﬁdence interval (CI)

Baseline
OC

2.83

0.23

NOC

0.34

0.11

Men CI [6.56, 9.51]
Women CI [1.84, 8.59]
Men CI [6.69, 9.91]
Women CI [5.13, 10.79]

Peak
OC

8.31

0.71

NOC

3.68

0.29

Recovery
OC
3.77

0.32

NOC

1.80a

0.14

Men CI [13.00, 16.32]
Women CI [2.61, 10.08]
Men CI [12.89, 16.64]
Women CI [7.83, 14.35]
Men CI [8.03, 10.42]
Women CI [2.69, 8.22]
Men CI [8.02, 10.62]
Women CI [5.24, 9.80]

Notes. OC refers to women on oral contraceptives; NOC refers to women not on oral
contraceptives; SED refers to the standard error of mean diﬀerence; CI refers to the
conﬁdence intervals.
a
Indicates moderator eﬀects of procedural variations that are signiﬁcantly diﬀerent
from initial ﬁndings on sex diﬀerences.

studies screened and controlled for oral contraceptive use in women,
the heterogeneity in values at peak indicate that this is an important
factor that contributes to variabilities in reactive cortisol in women.
Indeed, past studies documented reduced salivary cortisol responses to
stressors, as well as observed diﬀerences in diurnal cortisol patterns, in
women using oral contraceptives (Roche et al., 2013). It has been
suggested that the use of OC may contribute to cortisol binding capacity
in women (Durber et al., 1976; Zimmerman et al., 2014). However, it is
interesting to note that despite this documented variability in women
associated with the use of OC, the peak reactive salivary cortisol
remained higher in men. Yet, sampling restrictions placed upon women
may contribute to the magnitude of sex diﬀerences evidenced in studies
with both men and women.
The current meta-analysis should be viewed in light of some
limitations and challenges. A limitation is that we were unable to
calculate area under the curve (AUC), which is another indicator of
cortisol output. This was further ampliﬁed due to a lack of access to raw
data, variability in sampling time, and number of cortisol samples
collected across studies. Additionally, sampling restrictions around the
collection of salivary cortisol are also diﬃcult to implement. Within
each study, we often lacked information whether potential confounds,
such as diet, sleep, body mass index (BMI), ethnicity, and age were
controlled for. Any of these factors have the potential to inﬂuence
salivary cortisol output and reactivity. In addition, many studies either
did not include any information about the phase of menstrual cycle
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