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Abstract 
Context: Many studies have moved toward saliva and peripheral blood sampling for studying cortisol, even in relation to disorders of the brain. 
However, the degree to which peripheral cortisol reflects central cortisol levels has yet to be comprehensively described. Data describing the 
effect that biological characteristics such as age and sex have on cortisol levels across compartments is also limited.
Objective: To assess the relationships of cortisol levels across cerebrospinal fluid (CSF), saliva, and plasma (total and free) compartments and 
describe the effects of age and sex on these relationships.
Design: Multisite cross-sectional observation study.
Setting: Samples collected in academic outpatient settings in 2001-2004.
Patients or Other Participants: Healthy community volunteers (n = 157) of both sexes, aged 20-85 years.
Interventions: None.
Main Outcome Measures: This study was a secondary analysis of data collected from a previously published study.
Results: CSF cortisol correlated more strongly with plasma (r = 0.49, P < .0001) than with saliva cortisol levels. Sex but not age was a significant 
modifier of these relationships. CSF cortisol levels trended higher with older age in men (R2 = 0.31, P < .001) but not women. Age-related cortisol 
binding globulin trends differed by sex but did not correlate with sex differences in cortisol levels in any compartment.
Conclusion: Variability in the correlations between central and peripheral cortisol discourages the use of peripheral cortisol as a direct surrogate 
for central cortisol measures. Further investigation of how mechanistic drivers interact with biological factors such as sex will be necessary to fully 
understand the dynamics of cortisol regulation across fluid compartments.
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Cortisol has long been hypothesized as a modulator in psychi
atric and neurological disorders, notably with elevated levels 
found in depression [1, 2] and dementia [3]; however, despite 
decades of investigation, its role in the pathophysiology of 
these disorders remains elusive. One barrier to defining the 
role of cortisol in disorders of the central nervous system is 
the heterogeneity of body fluids in which cortisol is measured. 
A handful of studies have analyzed cerebrospinal fluid (CSF) 
cortisol levels, but numbers remain small due to the relatively 
more invasive nature of CSF sampling. As a result, many 
studies have moved toward sampling peripheral body fluids 
including saliva and blood for studying cortisol, even in rela
tion to disorders of the brain. However, the degree to which 
peripheral cortisol reflects central cortisol levels in CSF has 
yet to be comprehensively described.

Cortisol homeostasis between body fluid compartments has 
the potential to be influenced by a variety of different physio
logical mechanisms, including passive diffusion, active trans
port, and binding to the carrier protein, cortisol binding 
globulin (CBG). In plasma, less than 6% of total plasma cor
tisol is unbound and biologically active, with 80% to 90% of 
cortisol bound by CBG, rendering it biologically inactive [4]. 
Cortisol crosses from the bloodstream to saliva and CSF com
partments through a combination of passive diffusion and ac
tive transport through a variety of different transporters [5, 6]. 
We hypothesized that all these factors may be regulated 
in different ways in different parts of the body [7], resulting 
in cortisol homeostasis across compartments that may not 
correlate as expected. While some studies have investigated 
the correlation of cortisol measures across some body fluid 
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compartments [8-11], the limited scope of these study popula
tions limits the generalizability of previous findings, and the 
effect of basic biological factors like age and sex on these rela
tionships remains unclear.

With the more invasive nature of CSF sampling, the benefits 
of peripheral fluid sampling for examining cortisol in clinical 
studies are clear. However, given the complexity of cortisol 
dynamics across compartments, as well as some evidence of 
differential cortisol levels across compartments, we must 
define these dynamics if we are to attribute any clinical signifi
cance of peripheral cortisol when it comes to central nervous 
system (CNS) pathophysiology. To our knowledge, there are 
no studies to date that demonstrate a correlation of CSF cor
tisol with peripheral compartments across age and sex. In this 
study we measured cortisol in CSF, saliva, and plasma (total 
and calculated free), as well as CBG, in healthy individuals 
of both sexes across a wide range of ages and describe the re
lationships among cortisol levels across compartments in the 
context of these biological characteristics.

Materials and Methods
Participants

Key inclusion criteria
This manuscript is a secondary analysis of data from study 
participants who agreed to data and specimen banking as 
a part of participation in previously published studies [12,   
13]. Study sites included VA Puget Sound (Seattle, WA); 
University of California, San Diego (San Diego, CA); Oregon 
Health and Science University (Portland, OR); Indiana 
University (Indianapolis, IN); and University of Pennsylvania 
(Philadelphia, PA). Briefly, all participants were adults in 
good health who underwent an evaluation that consisted of 
medical history, physical and neurologic examinations, and 
laboratory tests including complete blood count, serum elec
trolytes, blood urea nitrogen, creatinine, glucose, vitamin 
B12, and thyroid-stimulating hormone. All results for samples 
included in this study were within normal limits, including 
Mini-Mental State Examination scores ≥ 26 and Clinical 
Dementia Rating scores of 0. Sex was ascertained by self- 
report. All female subjects of childbearing potential underwent 
a urine pregnancy test prior to lumbar puncture; no subject had 
a positive pregnancy test.

Key exclusion criteria
Participant signs or symptoms suggesting cognitive decline 
or neurologic disease; history of chronic major psychiatric 
disorder or neurocognitive disorder; unstable medical illness; 
regular tobacco use; substance use or heavy alcohol use; or use 
of medications including antidepressants, anxiolytics, anti
psychotics, hormonal contraceptives, and other medications 
known to affect hypothalamic-pituitary-adrenal axis function 
were excluded.

Ethics Approval
The study was approved by the Human Subjects Committee/ 
Institutional Review Boards of all participating institutions, 
and all participants provided written informed consent prior 
to any study procedures.

Study Protocol
The present study is a secondary analysis of data from study 
participants who agreed to data and specimen banking as 
a part of participation in previously published studies [12,   
13]. Briefly, saliva collection, blood draws, and lumbar punc
tures were performed between 0800 and 1100 hours after an 
overnight fast, with saliva collected first and lumbar punctures 
performed last. All samples from a given subject were col
lected within 30 minutes. Saliva, blood, and CSF were col
lected as previously described [12, 13].

Biospecimen Stabilization and Storage
Biospecimens were previously collected and placed on wet (sal
iva, blood) or dry (CSF) ice immediately after collection and 
transferred to long-term storage at −70 °C prior to analysis 
[12, 13]. Samples from study sites outside of Seattle were 
shipped to VA Puget Sound on dry ice; all samples arrived frozen 
in good condition. The time between collection to assay ranged 
from 1 month to 3 years for all samples.

Chemicals and Reagents
Cortisol from all samples was measured previously with 
ImmuChem™ Cortisol Coated Tube RIA Kits according to 
manufacturer instructions (MP Biomedicals, LLC, Santa Ana, 
CA). The detection limit was 10 ng/mL (0.01 ng/mL per assay 
tube), and the intra-assay coefficient of variance was 5.6%. 
Cortisol-binding globulin (CBG) was measured by radio
immunoassay in a 1:25 dilution of plasma (BioSource Europe 
S.A., Nivelles, Belgium). The detection limit was 6.25 μg/mL 
(0.25 μg/mL per assay tube), and the intra-assay coefficient of 
variance was 2.0%. Free plasma cortisol was estimated from 
CBG and total plasma cortisol levels by the method of 
Coolens et al [14]. The validity of this method has been demon
strated under a variety of physiological and pathological condi
tions that affect total cortisol concentrations.

Data and Statistical Analysis
The correlation among the 4 cortisol compartments was as
sessed using Pearson correlation coefficients with adjustment 
for multiple tests using the Benjamini-Hochberg correction. 
Effect modification in the association between CSF cortisol 
and the other 3 compartments by age or sex was assessed 
with linear regression of CSF cortisol (the dependent variable) 
with cortisol compartment by age or sex interaction terms as 
the independent variables. Linear regression was used to as
sess the association between cortisol outcome (the dependent 
variable) and age, modeled as a 3-degree restricted cubic 
spline to allow for nonlinear associations between age and 
cortisol outcome. To determine if the association between cor
tisol and age differed by sex, a sex-by-age interaction term was 
added to the model and tested for significance. If there was no 
age by sex interaction, the difference in cortisol outcome by 
sex was assessed as a main effect in the regression models de
scribed earlier. Hypothesis testing for main effects and inter
actions was carried out using F-tests. Pairwise comparisons 
by sex were assessed using simultaneous inference, with 
P-values adjusted for multiple comparisons using the single- 
step method. Results are presented as mean cortisol and SE 
and mean differences in cortisol by sex, with SEs and 95% 
confidence intervals (CI) at selected ages. R2 was computed 
for the total sample, with men and women in separate models 
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of cortisol outcome on age, with bootstrapped CI. Finally, 
linear regression was used to assess the association between 
CSF or saliva cortisol (the dependent variable) and plasma 
CBG and whether this association was modified by sex or 
age using interaction terms. Sensitivity analyses were carried 
out using log transformations for cortisol outcomes that 
were strongly nonnormal. Analyses were carried out using 
R 4.2.1 and packages tidyverse, rms, emmeans, multcomp, 
GGally, and boot [15].

Results
Study Population
The study population was comprised of 157 healthy volun
teers, aged 20-88 years, 54% male, and 88.5% White. Study 
visits took place between October 2001 and August 2004. A 
summary of demographic characteristics of participants is 
presented in Table 1.

Correlation Among 4 Compartments
All correlations among peripheral compartments were 
positive and approximately linear (Fig. 1A, P < .001). The 
correlation coefficient between CSF and saliva was weakest 
(r = 0.28) while the other correlations were 0.41 or greater. 
Focusing on the association between CSF cortisol and the 
other compartments, age was not a significant modifier of 
these relationships (age by cortisol compartment interaction 
P ≥ .28, data not shown). There was some evidence of effect 
modification due to sex, with the association between CSF 
cortisol and saliva or free plasma being slightly stronger for fe
males than males (Fig. 1B, sex by cortisol compartment inter
action P ≤ .056).

Age-related Changes in Cortisol Levels 
by Compartment and Sex
CSF cortisol generally increased with age (R2 = 0.13, 95% CI 
[0.05, 0.23], P < .001). Sex was a significant modifier of the 
relationship between CSF cortisol and age (sex-by-age inter
action P = .010); with the age-related increase in CSF cortisol 
being due entirely to that seen in men (R2 = 0.31, 95% CI [0.15, 
0.45], P < .001); an age-related increase in CSF cortisol was not 
observed in women (R2 = 0.01, 95% CI [0.00, 0.12], P = .67) 
(Fig. 2A). Consequently, men had mean CSF cortisol levels higher 
by 14 ± 5 μg/dL than women at age 70 (95% CI [2, 26], P = .012), 
with differences of 7 μg/dL or less at ages 50 and 30 (P ≥ .39).

In contrast to CSF cortisol, saliva cortisol decreased slightly 
with age (R2 = 0.05, 95% CI [0.00, 0.12], P = .021) with this 
decrease more apparent for women (R2 = 0.10, 95% CI 
[0.01, 0.24], P = .049) than men (R2 = 0.03, 95% CI [0.00, 
0.17], P = .27, Fig. 2B). However, sex was not a significant effect 
modifier for the relationship between age and saliva cortisol 
(sex-by-age interaction P = .34). Similar to the CSF results, men 
had higher mean saliva cortisol levels than women at age 70 
(22 ± 8 μg/dL, 95% CI [2, 43], P = .026) but mean differences 
of 8 μg/dL at ages 30 and 50 (P ≥ .72). As models of saliva corti
sol produced heterogeneous errors due to data skewness, sensitiv
ity analyses using log-transformed saliva cortisol as the dependent 
variable were carried out, with similar findings (data not shown).

No correlation was found between free or total plasma 
cortisol and age (R2 ≤ 0.02, P ≥ .28, Fig. 2C and 2D, 
Supplementary Table S1) [16]. Sex was not found to be a sig
nificant modifier in the relationship between free plasma or to
tal plasma cortisol and age (age by sex interaction P ≥ .13). 
However, free plasma cortisol, averaged across age, was high
er in men than women by 17 ± 5 μg/dL (P < .001).

Mean cortisol levels by compartment, sex, and age, as well as 
reference ranges by compartment are reported in Supplementary 

Table 1. Participant demographics and clinical characteristics

F (n = 72) M (n = 85) Total (n = 157) P-valuea

Age at LP .47
Mean (SD) 51.4 (19.3) 49.1 (21.1) 50.2 (20.3)
Range 20.0-85.0 21.0-88.0 20.0-88.0

Race (%) .30
White 63 (88) 76 (89) 139 (89)
Black 6 (8) 2 (2) 8 (5)
Asian or Pacific Islander 2 (3) 4 (5) 6 (4)

Other 1 (1) 3 (4) 4 (3)
Ethnicity (%) .68

Hispanic 3 (4) 3 (4) 6 (4)
Not Hispanic 69 (96) 82 (96) 151 (96)

BMI .083
Mean (SD) 25.0 (4.4) 26.1 (3.2) 25.6 (3.8)
Range 18.0-41.0 20.0-36.0 18.0-41.0

Education, years .12
Mean (SD) 15.9 (2.3) 16.6 (2.7) 16.3 (2.5)
Range 12.0-22.0 10.0-27.0 10.0-27.0

College graduate (%) 44 (61) 63 (74) 107 (68) .089

Abbreviation: BMI, body mass index; LP, lumbar puncture.
aBased on the 2-sample t-test for continuous variables, Fisher’s exact test for categorical variables.
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Table S1 [16]. Raw cortisol levels in each compartment are 
shown for each participant in Supplementary Fig. S1 [16].

Plasma CBG and Cortisol in Other Compartments
Because most cortisol in plasma is bound to CBG, plasma CBG 
levels could theoretically impact cortisol dynamics between 
plasma and other compartments. To assess the influence of 
plasma CBG levels on cortisol in other compartments, we 

examined the correlation between plasma CBG levels and 
other compartments (Fig. 3A). The correlation between 
plasma CBG and saliva cortisol was negative and weak 
(R2 = 0.03, P = .036). An even weaker correlation was 
found between plasma CBG and CSF cortisol (R2 = 0.01, 
P = .18). Furthermore, no significant sex modification or age 
modification (P ≥ .26, data not shown) was seen for either 
relationship.

Figure 1. (A) Matrix plot of correlations by compartment. Lower diagonal panels show scatter plots of cortisol levels with linear regression fits and 95% 
confidence intervals. Upper diagonal panels show Pearson correlation coefficients: ***P < .0001, **P < .001. Diagonal panels show density plots of each 
measure. (B) Correlation between CSF and peripheral cortisol compartment (total plasma, free plasma, or saliva) by sex. Fitted lines shown from 
regression models of CSF on cortisol compartment by sex interaction. 
Abbreviation: CSF, cerebral spinal fluid.
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The association between plasma CBG and age differed by sex 
(age by sex interaction P < .001, Fig. 3B), with age-related in
creases in CBG seen in women (R2 = 0.25, P < .001) but not in 
men (R2 = 0.02, P = .56). Furthermore, the association between 
CBG and age in women was not linear, with CBG levels plateau
ing after age 50. Consequently, CBG was found to be higher in 
women than men, especially after age 50 (P < .001). While plas
ma cortisol was calculated directly from measured total plasma 
cortisol and CBG, the higher levels of free plasma cortisol seen 
in men vs women was independent of CBG levels. In a regression 
model of free plasma on sex, with CBG as a covariate, the higher 
levels of free plasma cortisol in men vs women were maintained. 
Furthermore, in regression models of CSF or saliva cortisol in 
women on age with CBG as a covariate, the association between 
either cortisol compartment and age was unchanged, suggesting 
that age-related trends in CBG in women did not influence 
age-related trends in other compartments (data not shown).

Discussion
This study is the first to our knowledge to examine the rela
tionships in cortisol concentrations simultaneously among 

total and free plasma, saliva, and CSF compartments in a 
healthy adult population of both sexes across the adult life
span. It provides important insights on how cortisol levels 
from different compartments are intercorrelated as well as 
how cortisol concentrations vary with biological characteris
tics of age and sex. A small handful of previous studies have 
examined the relationships between CSF and plasma or serum 
cortisol, although previous studies were limited either by 
small sample size [10] or study populations with narrow gen
eralizability, including 1 sex only [8], older adults only [9-11], 
or participants with comorbid health conditions [8, 9, 11, 17]. 
Here we discuss our findings in the context of existing 
literature.

CSF Cortisol Is Moderately Correlated 
With Peripheral Cortisol Measures
In the present study, we found a moderate positive correlation 
between CSF and plasma cortisol across the adult lifespan, 
whereas the correlation between CSF and saliva cortisol was 
weaker. The correlations did not vary by age but did vary 
by sex, with positive correlations between CSF cortisol and 

Figure 2. Age-related changes in cortisol levels by sex measured in cerebral spinal fluid, saliva, and free and total plasma. Fitted lines are shown from 
regression models of cortisol outcome on age, sex, and age by sex interaction with age modeled as a 3-degree restricted cubic spline, with shaded bands 
indicating 95% confidence intervals.

Figure 3. Associations with CBG. (A) Cerebral spinal fluid and saliva cortisol levels by CBG and sex. Fitted lines are shown from regression models of cortisol 
outcome on age, sex, and age-by-sex interaction with age modeled as a 3-degree restricted cubic spline, with shaded bands indicating 95% confidence intervals. 
(B) CBG levels by age and sex with fitted lines from regression models of CBG on age and sex. Fitted lines are shown from regression models of cortisol 
outcome on age, sex, and age by sex interaction with age modeled as a 3-degree restricted cubic spline, with shaded bands indicating 95% confidence intervals. 
Abbreviation: CBG, cortisol binding globulin.
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plasma or saliva cortisol that were stronger in women than in 
men. These findings demonstrate the importance of consider
ing the level of correlation and the role that sex and age differ
ences play in the levels of correlation across compartments 
when using either plasma or salivary cortisol as a surrogate 
for CSF cortisol.

The Relationships Among Cortisol, Age, and Sex 
Differ Across Compartments

CSF
This study is the first to our knowledge to report CSF cortisol 
levels in healthy adults of both sexes and an age range span
ning 7 decades. Previous studies of participants undergoing 
treatment for various medical conditions have suggested 
that CSF cortisol increases with age [8, 9, 17]; however, 
age-related CSF cortisol trends in healthy individuals were 
previously unknown and the effect of sex was not considered 
in the analyses. In the present study, we found that CSF corti
sol was positively correlated with increasing age in men but 
not in women, with men having higher CSF cortisol than 
women at older but not younger ages. Given that there are 
no comparable studies of CSF cortisol across age and sex in 
healthy individuals, these previous studies merit mention to 
provide context but cannot be directly compared to results 
of the present study.

Saliva
There is no clear consensus when it comes to the effects of age 
and sex on saliva cortisol in healthy adults. Findings in the pre
sent study demonstrating decreased saliva cortisol with in
creased age conflict with 1 large study resulting from the 
Midlife Development in the United States survey dataset dem
onstrating that saliva cortisol increases with age [18, 19], an
other study revealing age-related changes by decade without a 
clear directional trend [20], and another that found no 
age-related changes in saliva cortisol [21]. Some of these dis
crepancies may be explained by the timing of saliva sampling, 
as discussed further later. Though in the present study sex was 
not a significant modifier of age-related saliva cortisol trends, 
we did find that saliva cortisol was generally higher in men 
than women across age, in agreement with the Midlife 
Development in the United States study [18, 19], with differ
ences that were more apparent at older ages. In contrast, 
Nyberg et al reported higher average saliva cortisol in women 
than men when stratifying by sex [20] but did not specifically 
explore the modifying effect of sex on the association between 
cortisol and age as illustrated in our study. Furthermore, the 
remote tribal population examined by Nyberg and colleagues 
is likely not generalizable but rather what the authors frame as 
“a benchmark against which to reference cortisol levels from 
industrialized populations” [20].

Plasma
Similarly, there is no clear consensus when it comes to the ef
fects of age and sex on plasma cortisol in healthy adults [17, 
22-25]. We offer 2 of many possible explanations for these 
discrepancies. First, 1 study that sampled 24-hour mean total 
plasma cortisol found that age-related increases in total plas
ma cortisol were only evident in late-evening cortisol levels 
and not at other times of the day [24], demonstrating that di
urnal fluctuations in cortisol have particularly large effects on 

cortisol levels measured in plasma [26] and perhaps 1 plaus
ible explanation for why we did not observe age-related in
creases in plasma cortisol in the present study. Second, sex 
effects on plasma cortisol trends likely differ depending on 
whether free or total plasma cortisol is examined due to sex 
differences in CBG, as described later. Pooled 24-hour mean 
total plasma cortisol data from 7 independent research groups 
demonstrated an increase in total plasma cortisol with age in 
both sexes, with a near-statistically significant age by sex 
interaction with larger increases with age seen in women 
than men [25]. In the present study, we found that men exhibit 
higher plasma cortisol than women across the adult lifespan, 
especially at older ages; however, sex differences were only 
evident in measurements of free but not total plasma cortisol.

Plasma CBG Level Differs by Sex But Has a 
Negligible Effect on Cortisol Levels in Other 
Compartments
The effects of biological and demographic factors on plasma 
CBG we saw in the present study were complex, with sex dif
ferences playing a clear role likely due to the hepatic stimula
tion of CBG synthesis by estrogens as previously reviewed 
[27]. Given that most plasma cortisol is bound to CBG and 
only unbound cortisol is free to diffuse across capillary bound
aries [27], we hypothesized that plasma CBG levels may indir
ectly affect cortisol levels in saliva and CSF by influencing free 
plasma cortisol levels available for diffusion or transport to 
other compartments. In the present study, we observed an in
crease in plasma CBG with age in women, resulting in lower 
free plasma cortisol in women compared to men. However, 
plasma CBG was not strongly correlated with either CSF or 
saliva cortisol. While plasma CBG may play an important 
role in the regulation of biologically active cortisol in blood, 
our findings suggest that its role in cortisol regulation across 
other compartments may be negligible.

Importance of Sample Collection Timing
In summary, the relationships between cortisol across com
partments and demographic factors are complex, and 
existing data are often conflicting and challenging to compare 
across studies. Some of these inconsistencies may be due to a 
lack of standardization in the timing of cortisol collection. 
Cortisol levels fluctuate widely throughout the course of a 
day and are highly responsive to sample collection time rela
tive to an individual’s sleep-wake cycle. Given the diurnal cor
tisol rhythm, the timing of sample collection likely accounts 
for much of the widely variable results seen from study to 
study and even variability within the same study. While the 
present study examined samples collected midmorning only 
as did several other studies cited earlier [9, 21, 28], others ex
amined samples collected in the afternoon [8] or at multiple 
timepoints throughout the day [10, 18-20, 24-26, 29] or did 
not specify the time of sample collection [17].

Diurnal cortisol fluctuations appear to heavily influence sa
liva cortisol [30] and plasma cortisol [26], whereas CSF corti
sol appears to maintain more stable levels throughout the day 
[31]. Notably, the most consistent trends in cortisol were seen 
in the plasma cortisol studies done using evening sample col
lection [25, 28], likely due to the cortisol awakening response 
and the midmorning acrophase contributing to steep cortisol 
slopes where small differences in the timing of samples can re
sult in high variability of morning cortisol concentrations. 
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Although diurnal fluctuations in CSF cortisol are generally 
considered small, especially compared to peripheral cortisol, 
to our knowledge this has not been previously systematically 
studied. Saliva may be uniquely suited for standardized collec
tion times given the ability to self-collect saliva samples at 
home, improving the accuracy of sample collection relative 
to each participant’s diurnal rhythm.

Following the dates of our sample collection, substantial ef
forts to move toward standardized collection guidelines have 
been made, such as those outlined by the International Society 
of Psychoneuroendocrinology for the cortisol awakening re
sponse [30]. Such standardized collection times will facilitate 
cross-study comparison. Whether these standards can be fea
sibly applied in sample collection that requires in-person study 
visits such as for CSF or blood collection remains to be seen.

Cortisol Is Differentially Regulated Across 
Compartments and Further Research Is Needed 
to Elucidate Our Mechanistic Understanding 
of Cross-compartment Cortisol Dynamics
The present study focused on observational correlations of 
cortisol across compartments and the effect of basic demo
graphic and biological factors on these relationships. While 
mechanistic explanations for our findings are beyond the 
scope of our study, several areas of cortisol regulation merit 
mention. Our findings corroborate previous conclusions that 
plasma CBG likely plays a relatively small role in the regula
tion of cortisol dynamics across compartments. Another study 
suggests that protein transporters may also play a limited role 
in the transport of glucocorticoids from the bloodstream to 
other compartments, though efflux pumps appear to play a 
significant role in the protection of certain targets (such as 
the brain) from high plasma cortisol levels [5]. In fact, 
enzymes appear to play a more dominant role in cortisol 
regulation by regulation of cortisol metabolism and homeo
stasis [5, 6, 27]. One example is the corticosteroid 11β- 
dehydrogenase-mediated conversion of cortisol to cortisone, 
rendering cortisol partially inactive [27]. With high expression 
in parotid glands [27] and many parts of the CNS [32], 
11β-dehydrogenase has a marked influence on the dynamic 
regulation of saliva and CSF cortisol worth exploring in future 
studies.

Assuming free diffusion of cortisol across compartments to 
justify the use of cortisol measures from an easily accessible 
compartment, such as saliva, to approximate cortisol levels 
in another is tempting but can lead to inaccurate assumptions. 
Here we have demonstrated that in practice this is a poor ap
proximation, with a moderate correlation between CSF and 
plasma cortisol and a weak correlation between CSF and 
saliva cortisol. However, this does not necessarily invalidate 
cortisol measures in peripheral compartments in the investiga
tion of diseases of the CNS. Caution should be exercised when 
interpreting the clinical significance of peripheral cortisol 
measures in the context of CNS disorders, insofar as the direct 
effects of cortisol on CNS pathology. This nuance underscores 
an unmet need to move from an organ-level conceptualization 
of disease toward a systems-level understanding of patho
physiology. Rather than viewing cortisol levels in 1 compart
ment as a reflection of cortisol in another compartment, 
and arriving at conclusions based on these assumptions, stud
ies must focus on investigating the regulation and roles of 
cortisol in each compartment in the context of disease 

pathophysiology. Further research is necessary to fully eluci
date our understanding of cortisol regulation across central 
and peripheral compartments.

Sex was a noteworthy covariate across the analyses carried 
out for this study, with sex being a significant modifier in the 
relationships between CSF and peripheral cortisol levels, the 
relationship between CSF cortisol and age, and the relation
ship between CBG levels and age. Future studies should aim 
to further clarify how the relationships between CSF and per
ipheral cortisol differ in men vs women. Evidence of sex differ
ences in stress exposure is mounting, with rodent models 
consistently demonstrating an increased susceptibility to 
chronic stress in males compared to females [33] and a recent 
longitudinal study of cognitively normal older adult humans 
in which higher perceived stress was found to be associated 
with steeper rates of cognitive decline in men compared to 
women [34]. While the protective effect of estrogens has 
been proposed as a leading hypothesis to explain this sex dif
ference, the sex differences in CSF cortisol seen in advancing 
age suggest that the role of glucocorticoid homeostasis may 
be important to continue exploring in this context as well. 
Investigation of polymorphisms in cortisol regulatory genes 
and posttranscriptional changes in gene expression may lend 
insight into the mechanisms behind the influence of demo
graphic factors on cortisol regulation. Given the complex rela
tionships among sex and other environmental influences in the 
context of cortisol, future study populations should be ex
panded to include participants of diverse racial, socioeconom
ic, and educational backgrounds to ensure adequate power 
when examining the influences of environmental factors. 
More work should be done to increase our understanding of 
how biological factors influence the response to various stress 
exposure paradigms.

Finally, advanced analytical techniques such as mass spec
trometry would yield more precise measurements of cortisol 
concentrations than the antibody-based assays employed in 
the present study.

In summary, our study demonstrated that cortisol levels do 
not just vary by compartment—they also vary by biological 
characteristics of age and sex. These findings highlight the im
portance of careful study design in understanding the mixed 
findings in the literature between cortisol concentrations and 
functional changes.
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