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A B S T R A C T

Depressive and anxiety disorders substantially contribute to the global burden of disease, particularly in poor
countries. Higher prevalence rates for both disorders among women indicate sex hormones may be integrated in
the pathophysiology of these disorders. The Kshetriya Gramin Financial Services study surveyed a random
sample of 4160 households across 876 villages in rural Tamil Nadu, India. An interviewer-administered ques-
tionnaire was conducted to quantify depressive (K6-D) and anxiety (K6-A) symptoms. Alongside, hair samples
for sex hormone profiling were collected from a subsample of 2105 women aged 18–85 years. Importantly, 5.9%,
14.8%, and 46.3% of samples contained non-detectable hormone levels for dehydroepiandrosterone, proges-
terone, and testosterone, respectively. Our primary analysis imputes values for the non-detectable sample and
we check robustness of results when non-detectable values are dropped. In this cohort of women from rural
India, higher depressive symptomatology is associated with lower levels of dehydroepiandrosterone and higher
depressive and anxiety symptoms are associated with higher levels of testosterone. Progesterone shows no clear
association with either depressive or anxiety symptoms. These results support a potential protective effect of
higher endogenous dehydroepiandrosterone levels. An important caveat on the potential negative effect of hair
testosterone levels on women’s mental health is that the testosterone analysis is sensitive to how non-detectable
values are treated.

1. Introduction

Depression is a leading cause of disability world-wide and is asso-
ciated with high personal and societal costs (Hasin et al., 2018; WHO,
2017). For women, depressive and anxiety-related disorders are con-
sistently associated with more than two times higher prevalence and
number of years lived with disability than for men (Vos et al., 2017;
WHO, 2017). This underlines the value of a gender specific approach
investigating depressive and anxiety disorders (Bekker and van Mens-
Verhulst, 2007; Schiller et al., 2016; Walther et al., 2017). Existing
research also highlights an urgent need to improve mental health in
Indian women, a particularly burdened population with insufficient
access to mental health services (Shidhaye et al., 2016; Trivedi and
Gupta, 2010). Among Indian women, depression prevalence often ex-
ceeds the reported annual global prevalence of 10%, ranging between

9.4% to 16.7% (Chauhan et al., 2017; Shidhaye et al., 2016), while
Indian women show particularly high suicide death rates (Dandona
et al., 2018). They also fare poorly on anxiety disorders, the second
most frequently reported mental disorder after depression (Vos et al.,
2017): the prevalence of anxiety disorders among Indian women is
reported to be as high as 32.2%, compared to 9.7% for Indian men
(Khambaty and Parikh, 2017; Trivedi and Gupta, 2010).

An important step towards identifying appropriate policy responses
is to identify correlates of depressive and anxiety disorders among
Indian women. Here, an area of interest is sex hormones, which are
neuroactive and thereby directly influence mood and behavior (Schiller
et al., 2016). Sex steroid specific receptors are distributed throughout
the brain and are abundant in all depression and anxiety-relevant brain
areas (Mahmoud et al., 2016). Epidemiological studies showing in-
creased prevalence rates of depressive and anxiety disorders in women
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suggest that differences in sex hormone levels may contribute to gender
differences (Kessler, 2003; Weissman and Klerman, 1977).

In this paper, we combine survey data on depressive and anxiety
symptoms with hair-sample based data on two sex hormones (proges-
terone [P], and testosterone [T]) and one hormonal precursor to sex
hormones (dehydroepiandrosterone [DHEA]) to examine the correla-
tion between self-reported depression and anxiety symptoms and sex
hormones. In addition, we evaluate sensitivity of observed correlations
to alternative ways of treating non-detectable hormonal values. Our
contributions are twofold. First, we provide evidence from a very large
sample of poor Indian women – to the best of our knowledge, this is one
of the largest samples with sex hormone data from hair samples in any
setting. Second, while it is well-known that hormone levels are more
likely to be non-detectable when truly low levels of that hormone are
present (Gao et al., 2016), the sensitivity of study results to alternative
ways of treating non-detectable values in analysis has received in-
sufficient research attention (Graham, 2009). Given that low levels of
sex hormones can directly influence depression and anxiety, we believe
such sensitivity analysis is critical and this forms a central part of our
analysis.

A large body of laboratory research has investigated the potential
role of sex steroids in alleviating depression or anxiety symptoms
(Fiacco et al., 2018; Li and Graham, 2017; Walther et al., 2019a). Ro-
dent models show that DHEA, P or T administration is causally related
to increased serotonin release (Li and Graham, 2017) and facilitates
general and antidepressant-induced neuroplasticity in the hippocampal
formation (Walther et al., 2019b). Reduced serotonin release and
neuroplasticity are hypothesized as the central mechanisms that pre-
dispose individuals to depression and anxiety. This suggests that higher
endogenous levels of sex steroids are depression- and anxiety-protective
(Li and Graham, 2017).

Research in human populations is less conclusive. Among men,
despite conflicting evidence across clinical populations and cohort
studies (Asselmann et al., 2019; Heald et al., 2017; Kische et al., 2017;
T’sjoen et al., 2005; Wu et al., 2010), increasing evidence suggests that
higher sex hormone levels are associated with lower depressive symp-
toms (Almeida et al., 2008; Barrett-Connor et al., 1999b; Ford et al.,
2016; Kische et al., 2018; Korenman et al., 2018; Veronese et al., 2015;
Walther et al., 2016; Westley et al., 2015).

For women, study results are more conflicting and report anywhere
from no associations (Asselmann et al., 2019; Giltay et al., 2017) to
both positive and negative associations with depression. For instance,
some studies suggest that higher T levels contribute to higher depres-
sive symptoms during the menopausal transition (Bromberger et al.,
2010), or that women with depression generally exhibit elevated levels
of T (Matsuzaka et al., 2013; Weber et al., 2000), but other studies
suggest that lower levels of T and DHEA are associated with depression
(Barrett-Connor et al., 1999a; Giltay et al., 2012; Kische et al., 2017),
although these effects fade in some studies when controlling for re-
levant moderators (Kische et al., 2017). In another study, women with
lower T levels report more depressive symptoms (Santoro et al., 2005).
Furthermore, some T and DHEA supplementation studies show pro-
mising anti-depressive effects in women with and without diagnosed
depression (Arlt et al., 1999; Davis et al., 2006; Dias et al., 2006;
Goldstat et al., 2003; Miller et al., 2009; Rabkin et al., 2006; Schmidt
et al., 2005).

With regard to androgens and anxiety, results are mixed for both
genders: a large male cohort study finds a weakly negative association
between T levels and anxiety symptoms, with T deficient men showing
increased anxiety (Berglund et al., 2011), and men undergoing an-
drogen deprivation therapy showing increased de novo development of
anxiety disorders (DiBlasio et al., 2008), but other studies suggest T
levels are positively associated with risk for anxiety disorders
(Asselmann et al., 2019). The few studies considering women present
mixed evidence on how T and DHEA levels relate to anxiety symptoms
or disorders (Asselmann et al., 2019; Gerra et al., 2000; Granger et al.,

2003; Maner et al., 2008; Oulis et al., 2014).
Lastly, amidst some conflicting literature (Deligiannidis et al., 2016;

Fiacco et al., 2018), P has been shown to exhibit anti-depressive and
anxiolytic effects (Schüle et al., 2014; Freeman et al., 1993; Gordon
et al., 2018; Kanes et al., 2017). Studies on its highly correlated pre-
cursor, pregnenolone, and its derivative, allopregnenalone (ALLO) are
of further interest. Low ALLO levels during pregnancy are associated
with increased risk for post-partum depression (Osborne et al., 2017),
and in patients suffering from an acute major depressive disorder, ALLO
levels from cerebrospinal fluid are about 60% lower than in controls
(Uzunova et al., 1998).

Overall, there is a noticeable lack of large cohort studies of well-
characterized female populations examining symptoms of depression
and anxiety and their relation to sex hormones. This is especially true in
low and middle income settings (Fontanarosa and Bauchner, 2018).
This, in part, reflects measurement issues arising from the fact that as
sex hormone levels vary over the menstrual cycle, hormonal measure-
ment based on serum, saliva, or urine samples requires collecting
multiple samples to correctly assess basal sex hormone levels (Giltay
et al., 2012). It is more challenging to obtain these samples for women
living in low-income settings. Given this, the relatively new method of
hair steroid profiling presents a promising opportunity for large cohort
studies examining the association between sex hormone levels and
depression and anxiety symptoms in women, especially in lower income
settings (Gao et al., 2016). Hair steroid profiling circumvents diurnal
and lunar hormonal variation by quantifying the integrated hormone
concentration accumulated over several months. Therefore, hair-based
measures of DHEA, P, and T concentrations from hair holds the po-
tential of yielding a clearer picture of the association between sex
steroids and depression and anxiety symptoms. That said, having larger
more representative samples of women also highlights the need for
sensitivity analysis regarding non-detectable values of sex hormone,
which has been largely absent thus far. Non-detectable values may re-
flect the sensitivity of the assays to detect very low levels, or truly low
levels of these hormones, and hence removing these samples from
analysis may lead to a systematic bias in results. Because hair-based
assays are still being refined, it is important to approach analyses in
multiple ways to understand and interpret correlations. Our paper un-
dertakes such a sensitivity analysis.

2. Methods

2.1. Study population

The Kshetriya Gramin Financial Services (KGFS) study is a cohort
study evaluating the impact of village access to financial services in
rural Tamil Nadu, India. The study occurred in the context of the ex-
pansion by KGFS, a private rural bank, across villages in three districts
in Tamil Nadu. Sample flow is shown in Fig. 1. The main study sample
of 4160 households is a randomly selected subset of households across
876 villages. In total, 4575 households were approached for surveying,
yielding a high response rate of 91%. In 3764 households, an eligible
female household member was identified as a potential participant in
the hair steroid profiling study. Criteria for inclusion in hair steroid
profiling study were (in order of priority): (i) the mother of the
youngest child in the household (with a resident husband), (ii) the
youngest married woman (with a resident husband), and (iii) the
youngest single adult woman in the household. All study participants
were asked for informed consent, and excluded from hair sampling if
informed consent was not provided (N=485). Between 2011 to 2016,
3279 women provided hair samples. However, prior to the 2013 ex-
amination wave, sex steroids were not assayed reducing the sample to
2357 observations. Data on hormonal outcome measures (DHEA, P, T)
in parallel with the examined psychological measures were available
for 2105 women because, for 252 (10.7%) of the 2357 samples, bio-
chemical measurements were not possible due to insufficient hair
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quantity or quality (e.g. the hair strands in the aluminum foil had fallen
apart in such a way that no beginning or end could be identified). Of the
2105 hair samples analyzed for sex steroids, several individual samples
failed to reach the limit of quantification especially for T, which is
frequently present in only trace amounts in women. For our main
analysis the mean between zero and the lower limit of detection of a
hormone parameter was imputed for non-detectable values (NDs) and
we provide more details below.

2.2. Hair sample collection and biochemical analysis

Hair samples were collected, regardless of participants’ usage of hair
products (e.g. hair dying, usage of hair oil, hair washing frequency).
Usage of these products or other factors that could affect hair steroid
concentration (e.g. regular hormonal cream usage) were assessed by
self-report.

Our hair sampling procedure followed the procedure described by
Gao et al. (2013). The hair strand was cut as close as possible to the
scalp from a posterior vertex position. A minimum of 20mg of hair was
obtained from each participant in order to provide sufficient material
for biochemical analysis. The first scalp-near 3 cm hair segment was
used for analyses. Based on an average hair growth rate of 1 cm per

month (Wennig, 2000), steroid concentrations in this segment are as-
sumed to reflect integrated hormone secretion over the 3 month period
prior to hair sampling (Stalder and Kirschbaum, 2012). Hair samples
were sent to the Dresden Lab GmbH for biochemical analyses.

Hair steroids were determined via liquid chromatography tandem
mass spectrometry (LC–MS/MS) according to the protocol by Gao et al.,
which is considered the current gold-standard approach for hair steroid
analyses (Gao et al., 2016). It achieves good sensitivity, specificity, and
reliability for hair steroids (T: intra and inter-assay CVs between
3.1–8.8% and a limit of detection ≤ .1 pg/mg, DHEA: intra and inter-
assay CVs between 4.5–9.1% and a limit of detection of ≤ .9 pg/mg, P:
4.3–8.3% and a limit of detection of ≤ .1 pg/mg) (Gao et al., 2013).

In the 2105 hair samples, three sex steroids – DHEA, P, T – were
assayed. Hair DHEA was successfully quantified in 1981 samples. For
124 samples (5.9%) with NDs due to low concentration in samples, our
main analysis uses values imputed with the mean between the lower
limit of detection and zero. The analysis sample has 2105 observations.
Hair P and hair T were successfully quantified in 1787 and 1130
samples, respectively. For P, 310 samples (14.8%) were classified as
NDs, while 8 observations were identified as missing due to no quan-
tification report by the laboratory, and for T, 975 (46.3%) NDs were
identified and imputed resulting in 2097 observations for P and 2105
observations for T.

2.3. Psychometric measure: K6

An interviewer-administered version of the K6 was used to assess
mental health symptoms experienced during the last 30 days by the
participant, including feelings of nervousness, restlessness, depressed
mood, hopelessness, worthlessness, and decreased initiation (Kessler
et al., 2003; Lace et al., 2018). Subjects’ assessment of how often each
of these six feelings were experienced were converted to a five-point
Likert scale ranging from 0 (“none”) to 4 (“all”). The six scores were
summed to obtain a final score of nonspecific psychological distress,
ranging from 0 to 24. Although the K6 was designed as a brief instru-
ment screening for nonspecific psychological distress, the cut point at
12 is often used to identify serious mental illness (SMI) (scores 0–12
meaning no serious mental illness; 13–24 indicating cases of serious
mental illness) (Kessler et al., 2010, 2003). More recently, there has
been interest in constructing two K6 sub-indices (two-factor model). In
particular, the six measures can be used to construct separate indicators
of depressive symptoms based on four items (depressed mood, hope-
lessness, worthlessness, and decreased initiation), and anxious symp-
toms based on the remaining two items (nervousness, restlessness). The
two-factor solution is shown to perform better in a predominantly
Caucasian sample of 1060 individuals (67.6% female) from the general
population (Lace et al., 2018). Finally, each woman’s household com-
pleted a household survey which collected information on behaviors,
socio-economic conditions and health.

2.4. Statistical analysis

Sample characteristics are described in means and standard devia-
tions (SD). Of the 2105 included participants, hormone parameters
from hair (DHEA, P, T) are log-transformed to approximate a normal
distribution. We follow a trimming procedure for outliers: values
with± 3 standard deviations from the mean are excluded. This leads to
an exclusion of 124 (5.9%) cases for DHEA (N=1981), of 0 (0%) cases
for P, and of 0 (0%) cases for T.

To evaluate whether a one-factor K6 “general psychological dis-
tress” or a two-factor K6 with factors “depressive symptomatology” and
“anxiety symptomatology” better fits the data, an exploratory (EFA)
and subsequent confirmatory factor analysis (CFA) is performed. This is
conducted using the R 3.4.3 statistical software by the R Core Team
(2017) in combination with the psych package 1.7.8. by Revelle (2017)
and Lavaan package version .6–2 (Rosseel, 2012). In accordance with

Fig. 1. Sample flow. Note: Final sample size for DHEA and T is 2105 ob-
servations and for P 2097 (due to 8 missing values for P).
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Lace et al. (2018), factor analyses are estimated by unweighted least
squares. After Kaiser normalization, a Promax rotation is conducted. A
forced one-factor model and a forced two-factor model are estimated.
Model fit is determined by Root Mean Square Residuals (RMSR), Tucker
Lewis Index (TLI), and Root Mean Square Error of Approximation
(RMSEA). A Chi-square difference test is then conducted to indicate
which factor solution demonstrates better fit.

To examine potential associations between the K6 scales and steroid
hormones, two-tailed bivariate Pearson correlations are conducted. To
check for potential influential data points, two-tailed bivariate
Spearman correlations are subsequently conducted. Two-tailed hy-
pothesis testing is applied due to the conflicting literature showing
positive and negative associations between sex steroids and depressive
or anxiety symptoms. Next, two-tailed partial correlations are con-
ducted to control for a priori defined confounders as outlined above.
Partial correlations carried out include the following covariates: age,
BMI, tobacco consumption, pregnancy status, working status, use of
cortisol creams, hair dye use, and when hair samples were collected.

Linear stepwise regression analyses are used to examine associations
between steroid hormone levels and depressive and anxious sympto-
matology. To account for confounding variables, in the first step of the
regression analysis, the described set of covariates is included in the
regression model, and in a second step, the predictor variable of interest
(e.g. DHEA) is entered into the model. This allows us to identify the
additional explanatory effect of the predictor variable of interest in
addition to the covariates on the investigated criterion (e.g. depressive
symptoms). To evaluate potential subgroup effects, moderation ana-
lyses following Preacher and Hayes (Hayes, 2013) are conducted ex-
amining the effects of age, BMI, tobacco consumption, working and
pregnancy status on the associations between sex hormones and anxio-
depressive burden (for moderation analyses and supporting information
see supplementary material).

Analyses were carried out using SPSS (IBM Statistics, Version 23,
Armonk, NY: IBM Corp.) and R 3.4.3. (R Core Team, 2017).

3. Results

3.1. Sample characteristics

Our sample includes 2105 women from 876 villages in Tamil Nadu,
India. Table 1 reports study population demographics. Women are on
average 39 years old and almost exclusively Hindu (96.5%). Most
women are married (93.4%) with at least one child (94.7%), consistent
with the inclusion criteria. About one third (34.8%) report working.
The distributions of general psychological distress, depressive symp-
toms, and anxiety symptoms measured by the K6 scale tend to be
normally distributed (see supplementary Fig. 1). The distributions of
log-transformed and trimmed (±3 SD from mean) sex steroids are
significantly non-normally distributed in the sample (all p < .2), but
by the central limit theorem, given the large sample size and our visual
inspection of the distribution, parametric testing is appropriate (see
Supplementary Fig. 2). Using a K6 cut off score of “above 12 of the total
score” to indicate cases of serious mental illness (SMI) (Kessler et al.,
2010, 2003) suggests a positive screening for 11.5% of the total sample.
This is consistent with large epidemiological studies reporting rates for
depressive and anxiety disorders combined that range between 6–12%
in the global population (WHO, 2017).

3.2. Exploratory (EFA) and confirmatory (CFA) factor analysis for the K6
scale

Before testing the main hypotheses, we conduct factor analyses of
the K6 with results shown in Supplementary Table 2. A forced one-
factor (psychological distress) EFA and a forced two-factor analysis (K6-
Depression Scale [K6-D]/K6-Anxiety Scale [K6-A]) are conducted. The
one-factor model explains 22% of the variance. Loadings range between

.25 to .55. The two-factor model accounts for 29% of the variance
(depression= 17%, anxiety= 12%). The extracted factor structure is
similar to the one reported in Lace et al. (2018). Both extracted factors
correlate at r= .67. All fit parameters display a good to excellent fit.
Comparison of the two models confirms a better fit with the two-factor
model (Δχ2= 123.89, Δdf= 5, p < .001). Loadings for three of the
four items of the depression factor range between .34 to .66, while for
the two items of the anxiety factor they are .52 and .78, respectively.
However, the item "decreased initiation", in Lace et al. loading on the
depression factor, shows a contradicting cross-loading on both factors
(depression: .09, anxiety: .17). CFA further shows an overall better
model fit for the two-factor solution (one-factor: χ2= 178.2, df= 9,
GFI= .984, NIF= .924, SRMR= .036; two-factor: χ2= 86.7, df= 8,
GFI= .992, NIF= .963, SRMR= .026), which is also statistically sig-
nificant for CFA (Δχ2= 91.5, Δdf= 1, p < .001). Based on these re-
sults, we apply the two-factor model. To ensure comparability between
our study and the results obtained by Lace et al. (2018), we compute
the two factors as previously described (K6-D/K6-A) (Lace et al., 2018).
Importantly, Lace et al. report the two factor model accounts for 85.5%
of the total variance in their Western sample, while in our Indian
sample 29% of the total variance is explained. Therefore, additional
analyses are conducted evaluating a potential exclusion of the item
which could not be clearly allocated. In the supplementary material, we
provide results based on the two factor solution excluding the item with
the contradictory cross-loadings “decreased initiation” for the calcula-
tion of K6-D. Our main results are robust to this alternative approach.
For the purpose of comparison, results based on the one-factor solution
identifying nonspecific psychological distress with sex steroids are re-
ported in the supplementary material.

3.3. Correlation analyses

Next, we examine the association between the K6-D and the K6-A
and sex steroids. Bivariate two-tailed Pearson correlations in Table 2a

Table 1
Sample characteristics.

Sociodemographics Total sample
N=2105

Age, M (SD) 39.3 (10.3)
BMI, M (SD) 22.8 (4.7)
Tobacco use, % 39.2
Hindu, % 93.2
Married, % 93.4
Having children, % 94.9
Pregnant, % 1.6
Working, % 34.3
Psychological Distress (K6), M (SD) 8.90 (3.27)
Serious Mental Illness (K6 > 12), % 11.5
Serious Mental Illness (K6 > 10), % 29.1
Depressive Symptoms

(K6-D), M (SD)
5.55 (2.48)

Anxiety Symptoms
(K6-A), M (SD)

3.35 (1.43)

Dehydroepiandrosterone (DHEA) (pg/mg), M (SD) 5.81 (7.21)
Progesterone (P) (pg/mg),

M (SD)
6.03 (10.4)

Testosterone (T) (pg/mg),
M (SD)

.393 (.98)

Hair is dyed, % 6.5
Use of cortisol cream, % 1.7
Sample collection time, %
Spring 17.1
Summer 47.4
Autumn 27.3
Winter 8.2

Note: BMI: body mass index; K6: Kessler-6 Psychological Distress Scale, K6-D:
Kessler-6 Depression Subscale, K6-A: Kessler-6 Anxiety Subscale. Numbers of
participants vary depending on variable.
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reveal a significant inverse correlation between the K6-D and DHEA
levels (r=− .086, p < .001), but a positive association with T levels
(r= .109, p < .001). Using Spearman correlation analyses to account
for potential influential data points, our results show the same pattern
with slightly stronger correlations for DHEA and P identifying an in-
verse association for both (DHEA: rs=−.100, p < .001; P:
rs=−.047, p < .05) and a positive association for T (rs= .088,

p < .001). Partial correlation analyses adjusting for confounders shows
a significant inverse association between the K6-D and DHEA levels
(rp=−.100, p < .001), no association for P levels (rp=−.004,
p > .1), and a positive association for T levels (rp= .102, p < .001).

For K6-A, bivariate two-tailed Pearson correlations show no asso-
ciation with DHEA levels (r = −.032, p > .1), or with P levels
(r=−.023, p > .1). For T levels a positive association emerges
(r= .101, p < .001). Spearman correlations show for DHEA a negative
association (rs=−.052, p < .05), but not for P (rs=−.014, p > .1).
For T consistently a positive association is identified (rs= .079,
p < .001). Partial correlation analyses adjusting for confounders
identifies no association between the K6-A and DHEA levels
(rp=−.036, p > .1), or P levels (rp=−.004, p > .1), but a positive
association with T levels (rp= .105, p < .001) (see Table 2a).

Results examining the sensitivity sample (excluding imputed NDs)
are shown in Table 2a, and reveal that data imputation for NDs sig-
nificantly affects results for P and T. P shows in the sensitivity sample a
negative association with depressive symptoms. The positive associa-
tion between T and depression or anxiety symptoms diminishes com-
pletely and a negative trend between T and depressive symptoms
emerges.

3.4. Regression analyses

Next, regression models are computed. To account for the potential
effect of sex steroids in addition to established sociodemographic and
confounding variables, models are calculated step-wise with relevant
sociodemographic and confounding variables being introduced into the
model first.

3.4.1. Sex steroids as predictors for depressive symptoms and anxiety
symptoms

As shown in Table 3a, employing K6-D as criterion, a significant
age/BMI-adjusted regression model emerges (F= 33.20, p < .001,
R2= .033), while including DHEA in a second step improves the model
(F= 28.04, p < .001, R2= .041). The improved model includes age
(standardized β-coefficient [sβ]= .178, p < .001), BMI (sβ=−.055,
p= .013) and DHEA (sβ=−.091, p < .001) as predictors. The mul-
tivariable-adjusted regression model shows similar results suggesting
DHEA (sβ=−.100, p < .001) significantly improves the entire model
(F= 19.963, p < .001, R2= .052). Employing K6-A as criterion, no
significant effects for DHEA emerge (see Table 3a). Conducting step-
wise regression analyses including P as predictor on K6-D or K6-A as
criteria, P is not identified (either in age/BMI-adjusted nor multi-
variable adjusted regression models) as significant predictor (see
Table 3a). By contrast, T is identified as a significant predictor of K6-D,
revealing for the entire model a significant effect (F= 29.372,
p < .001, R2 =.040) with age (sβ= .164, p < .001), BMI
(sβ=−.058, p= .007), and T (sβ= .101, p < .001) as significant
predictors. The multivariable-adjusted regression model shows similar
results (F= 23.475, p < .001, R2= .046) with T as a significant pre-
dictor (sβ= .101, p < .001). Similarly, T is identified as significant
positive predictor of K6-A in age/BMI (sβ= .097, p < .001) and
multivariable adjusted (sβ= .100, p < .001) regression models.

Similarly to the correlational analysis, the sensitivity analysis yields
markedly different results for P and T (see Table 3b). P emerges as
negative predictor of the K6-D, while T is no longer positively asso-
ciated with either K6-D or K6-A.

Further analyses for specific subpopulations (e.g. age above vs.
below 51 years, excluding women with serious mental illness) and
moderator analyses for different potential influential variables (e.g. age,
BMI, work status) are presented in the supplementary material.

3.5. Sensitivity analysis

As shown in Supplementary Fig. 2, the distribution, mean and SD of

Table 2a
Correlation table for depression and anxiety symptoms (K6-D/A) and DHEA, P,
T including estimated NDs.

Pearson, r K6-D K6-A DHEA P T

K6-D 1
K6-A .350** 1
DHEA −.086** −.032 1
P −.020 −.023 −.062** 1
T .109** .101** −.169** .145** 1

Spearman, rs K6-D K6-A DHEA P T

K6-D 1
K6-A .289** 1
DHEA −.100** −.052* 1
P −.047* −.014 .095** 1
T .088** .079** −.098** .068** 1

Partial, rp K6-D K6-A DHEA P T

K6-D 1
K6-A .327** 1
DHEA −.100** −.036 1
P −.004 −.004 −.063** 1
T .102** .105** −.176** .145** 1

Note: Partial correlations were conducted controlling for age, bmi, tobacco
consumption, pregnancy status, working status, hair dying, usage of cortisol
cream, season of sampling. One-tailed correlations are reported. NDs: non-de-
tectable values.
* Indicates associations below p= .05.
** Indicates associations below p= .01.

Table 2b
Correlation table for depression and anxiety symptoms (K6-D/A) and DHEA, P,
T excluding estimated NDs.

Pearson, r K6-D K6-A DHEA P T

K6-D 1
K6-A .402** 1
DHEA −.078** −.045* 1
P −.058* −.003 .276** 1
T −.032 .00 .359** .155** 1

Spearman, rs K6-D K6-A DHEA P T

K6-D 1
K6-A .331** 1
DHEA −.096** −.059** 1
P −.066** −.003 .305** 1
T −.053 t −.015 .409** .196** 1

Partial, rp K6-D K6-A DHEA P T

K6-D 1
K6-A .375** 1
DHEA −.099** −.053* 1
P −.047t .002 .280** 1
T −.065* −.006 .393** .152** 1

Note: Partial correlations were conducted controlling for age, bmi, tobacco
consumption, pregnancy status, working status, hair dying, usage of cortisol
cream, season of sampling. One-tailed correlations are reported. NDs: non-de-
tectable values.

t Indicates associations below p= .10.
* Indicates associations below p= .05.
** Indicates associations below p= .01.
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hormone parameters vary depending on the inclusion or exclusion of
NDs. We hypothesize that ND values do not occur at random, but sys-
tematically reflect too low hormone concentrations in the samples.
Therefore, we impute NDs uniformly as the mean between the re-
spective lower limit of detection of a hormone and zero, described in
detail in the supplement.

Our approach of imputing differs from the common practice of ex-
cluding ND values. Fig. 2 and Tables 2b and 3b report how the results
differ across the two approaches. Bivariate two-tailed Pearson correla-
tions excluding NDs show significant inverse correlations between the
K6-D and DHEA levels (r=−.078, p < .001) and P levels (r=−.058,
p= .015), but not T levels (r=−.032, p= .281). Effect size inter-
pretation of the identified associations suggests small effects (Cohen,
1992). Using Spearman correlation analyses to account for potential
influential data point results shows the same pattern with slightly
stronger correlations, and for T identifies an association on trend level
(DHEA: rs=−.096, p < .001; P: rs=−.066, p < .001; T:
rs=−.053, p= .075). Partial correlation analyses adjusting for con-
founders show significant inverse associations between the K6-D and
DHEA levels (rp=−.099, p < .001) as well as for T levels
(rp=−.065, p= .038), and a negative trend for P levels (rp=−.047,
p= .058). Supplementary Table 4 shows correlations using the three-
item K6-D-r scale; results did not differ from the correlation analyses
with the original K6-D scale. For the K6-A, bivariate two-tailed corre-
lations show a significant negative association with DHEA levels, but no
association with P or T levels (DHEA: r=−.045, p= .045; P:
r=−.003, p > .1; T: r= .00, p > .1). Spearman and partial corre-
lations further support these findings (see Table 2b). A detailed

description of the sensitivity analysis for regression analyses is provided
in the supplementary materials. Similarly to the correlational analysis,
P emerges as negative predictor of the K6-D, while T is no longer as-
sociated with either the K6-D or the K6-A.

To summarize, analyses of DHEA are robust to either imputing or
excluding ND values, which is unsurprising given that so few ob-
servations are classified as NDs (a difference of 124 [5.9%] observa-
tions). The choice of approach to ND values is more relevant for the
cases of P and T, which contain 310 (14.8%) and 975 (46.3%) NDs,
respectively. In the case of P, when NDs are imputed, there is a con-
sistent negative association with K6-D but is only statistically sig-
nificant using Spearman correlations, while if NDs are excluded, there is
a consistent significant negative association between K6-D and P across
nearly all analyses. For T, a significant positive association emerges for
T and K6-D as well as K6-A when imputing for NDs, a pattern that is
entirely absent and even in some cases reversed when NDs are ex-
cluded. Excluding NDs for variables that are present in trace amounts
for a large fraction of the population can lead to misleading conclusions
about the underlying associations between variables in the dataset.
Hence, for measures such as T in the female population, which are
anticipated to have many ND values ex-ante, it is important not to rely
on protocols that have been developed to deal with variables and po-
pulations that contain a very small number of ND values.

Table 3a
Between subject effects for stepwise linear regression models for steroids as predictors on depression and anxiety symptoms as criterion (including estimated NDs).

Depression symptoms (K6-D) Anxiety symptoms (K6-A)

F (p) β-coefficient (R2) F (p) β-coefficient (R2)

Dehydroepiandrosterone (DHEA)
Age-/bmi-adjusted 28.044 (< .001) −.091** (.041) 61.892 (< .001) −.038 (NI) (.030)
Multivariable-adjusted 19.963 (< .001) −.100** (.052) 34.334 (.004) −.034 (NI) (.036)

Progesterone (P)
Age-/bmi-adjusted 32.940 (< .001) −.006 (NI) (.031) 58.986 (< .001) −.005 (NI) (.027)
Multivariable-adjusted 24.234 (< .001) −.002 (NI) (.036) 31.119 (< .001) −.001 (NI) (.031)

Testosterone (T)
Age-/bmi-adjusted 29.372 (< .001) .101** (.040) 40.026 (< .001) .097** (.037)
Multivariable-adjusted 23.475 (< .001) .101** (.046) 27.830 (< .001) .100** (.041)

Note: Data are standardized β-coefficients, with p < .05 marked as *, and p < .01 marked as **. NDs: non-detectable values, NI: K6-D/A was not included into the
step-wise regression model. All models were adjusted for age and bmi, while multivariable models were additionally adjusted for smoking status, pregnancy status,
working status, use of hormonal creams, hair being dyed, season of sampling.

Table 3b
Between subject effects for stepwise linear regression models including sex steroids as predictors on depression and anxiety symptoms as criterion (excluding
estimated NDs).

Depression symptoms (K6-D) Anxiety symptoms (K6-A)

F (p) β-coefficient (R2) F (p) β-coefficient (R2)

Dehydroepiandrosterone (DHEA)
Age-/bmi-adjusted 28.154 (< .001) −.092** (.041) 61.929 (< .001) −.038t (NI) (.030)
Multivariable-adjusted 20.142 (< .001) −.092** (.049) 37.478 (< .001) −.038t (NI) (.037)

Progesterone (P)
Age-/bmi-adjusted 21.742 (< .001) −.002 49.916 (< .001) −.008 (NI) (.027)
Multivariable-adjusted 16.074 (< .001) −.002 32.096 (< .001) −.015 (NI) (.035)

Testosterone (T)
Age-/bmi-adjusted 25.695 (< .001) −.019 (NI) (.044) 43.948 (< .001) .028 (NI) (.038)
Multivariable-adjusted 23.372 (< .001) −.023 (NI) (.040) 21.886 (< .001) .032 (NI) (.038)

Note: Data are standardized β-coefficients, with p < .05 marked as *, and p < .01 marked as **. NDs: non-detectable values, NI: K6-D/A was not included into the
step-wise regression model. All models were adjusted for age and bmi, while multivariable models were additionally adjusted for smoking status, pregnancy status,
working status, use of hormonal creams, hair being dyed, season of sampling.
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4. Discussion

4.1. Summary of results

This is the first study of a large cohort of 2105 women from a de-
veloping country to report an inverse association between depressive
symptoms and long-term integrated DHEA concentrations quantified
from hair samples. Further, a positive correlation between hair con-
centrations of T and both depressive and anxiety symptoms emerges
when using imputed values. Based on these results, lower levels of
DHEA and higher levels of testosterone are associated with increased
psychological distress in women, and these findings emerge more
clearly for depressive versus anxiety symptoms. The present study
cannot state conclusively the causal direction of this association due to
its cross-sectional nature, but research suggests a bidirectional re-
lationship with interdependent adaptations on the psychological and
hormonal level. The magnitudes of the associations are overall modest,
potentially due to large heterogeneity in the sample and relevant
moderators influencing these relations, meaning DHEA, P, or T levels
explain little of the overall variance in psychological distress. When
NDs are not considered (i.e. when excluding imputed NDs), the nega-
tive relation between depressive symptoms and DHEA remains robust,
but for T, its positive association with psychological distress fades and
trends negative in relation to depressive symptoms. The previously null
association between P and depressive symptoms also becomes sig-
nificantly negative. Moderation analyses (see supplementary material),
though not statistically significant after correction for multiple testing,
indicate that the negative association between psychological distress
and DHEA may be especially relevant for rural Indian women who are
daily wage workers, while associations between psychological distress
and T are moderated by BMI, and less consistently by tobacco con-
sumption and work status. Taken together, our primary analysis sug-
gests that higher endogenous levels of DHEA may be regarded as pro-
tective against depressive symptoms, while higher levels of T are
associated with increased psychological distress. Further analysis would

be needed to understand which subgroups of women are particularly
affected.

4.2. Depression and anxiety disorders and androgens in women: Integration
of findings

4.2.1. Depressive symptoms and androgens in women
Our results contribute to a growing body of evidence suggesting a

role of androgens in the pathophysiology of depressive and anxiety
disorders in women. However, the direction of this relation varies from
negative to positive between studies depending on the examined
sample of women. In the present study the observed negative associa-
tion between long-term integrated DHEA levels extracted from hair
samples and depressive symptoms is comparable with a previous report
of one large US sample comprising of 699 non-estrogen using post-
menopausal women aged between 50 and 90 years. In the US study, of
plasma T, DHEA, and its sulfated conjugated metabolite (DHEA-S), only
plasma DHEA-S is inversely associated with depressive symptoms
showing a correlation coefficient of r= .14 (Barrett-Connor et al.,
1999a). This has been further confirmed by other studies examining
DHEA-S in elderly women aged between 70 and 79 years (Morsink
et al., 2007) or in patients with chronic fatigue syndrome or depression
(Scott et al., 1999). Yet, there have also been reports of increased or
unaltered DHEA/-S levels in relation to increased depressive symptoms
(Maninger et al., 2009).

Our observed positive association between T and psychological
distress based on using imputed values differs from several previous
studies showing a negative association (Giltay et al., 2012; Kische et al.,
2017). Giltay et al. (2012) finds, using pooled saliva samples from 1380
women from Netherland (aged 18–64), that lower salivary T levels are
present among women who exhibit a current depressive or anxiety
disorder, in comparison to healthy controls. Furthermore, women using
antidepressants show significantly higher T levels compared to non-
users. In another large multi-site US study, women with a lower cal-
culated free androgen index – based on plasma T, DHEA-S, and sex

Fig. 2. Linear associations between depressive symptoms (K6-D) and sex steroids (DHEA, P, T) for the analyses including NDs (panel A–C) and excluding NDs (panel
D–F).
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hormone binding globulin (SHBG) levels – report more depressive
symptoms (Santoro et al., 2005). While the above studies suggest some
association between depressive symptoms and sex steroids, not all
studies find these associations: while Kische et al. (2017) first identify
inverse associations between overnight fasting one-time point morning
serum androgens with depressive symptomatology in a sample of 2148
women from Germany, multivariable adjustment renders these identi-
fied associations insignificant. Similarly, Giltay et al. (2017) find that
no clear association between serum T and depressive symptoms
emerges in a sample of 303 older women aged 60 years or above. Fi-
nally, although only few, there do exist studies reporting a positive
association between depressive symptoms and T in female populations
(Matsuzaka et al., 2013; Weber et al., 2000). Bromberger et al. (2010)
identify that during the menopausal transition, higher T levels are
cross-sectionally and longitudinally positively associated with increased
depressive burden in 3302 women aged between 42 and 52 years.

The current study, thus, provides new insights into this relation and
also demonstrates the importance of accounting for ND values, espe-
cially in studies of hair T. We note that since the hair androgens in this
study reflect integrated hormone concentrations accumulated over a
three months period, these measures are only comparable to a limited
extent with the above mentioned studies using single or pooled saliva or
serum samples, and therefore provide new insight into the temporal
dynamics between hair sex steroids and psychological distress in
women.

4.2.2. Anxiety symptoms and androgens in women
Given the dearth of studies focusing on women and the association

between their androgens and anxiety, our study contributes on multiple
fronts. First, we report results based on one of the largest samples of
women drawn from a low income setting. Second, our results are
mixed, with a rather negative but not entirely consistent relation be-
tween anxiety symptoms and DHEA, and a positive association with T
which is sensitive to treatment of ND values.

The modest negative relation between hair DHEA levels and the K6-
A scale finds some support in the literature: for instance, a previous
study comparing plasma T and DHEA levels in women with diagnosed
major depressive disorder, high anxiety symptoms, and low anxiety
symptoms with healthy controls reports that the women with depres-
sion and high levels of anxiety symptoms exhibit the lowest serum T
and DHEA levels (Oulis et al., 2014).

The negative association between the K6-A and hair DHEA and the
positive association between the K6-A and hair T levels are in keeping
with the mixed findings in the literature. Some studies find that low
salivary T levels are not associated with anxiety symptoms in adoles-
cent females (Granger et al., 2003). A small sample study of college
students finds no significant correlation between social anxiety levels
and salivary T levels in women, although we cannot rule out the pos-
sibility that this reflected power limitations related to small sample size
(Maner et al., 2008). Turning to T, Giltay et al. (2012) shows a large
cross-sectional study that lower pooled salivary T levels are associated
with diagnosed general anxiety disorder, social phobia, and agor-
aphobia in women. In contrast, a recent prospective analysis finds no
association between elevated serum T and increased risk for anxiety
disorders in women (Asselmann et al., 2019). We note here two reasons
that may limit the applicability of these studies to our context: our
study uses hair samples rather than saliva or serum samples, and is
drawn from a distinct population of rural women in a low-income
setting.

It is also important to note that our study employed the K6-A, which
is based on two items covering general nervousness and restlessness.
This may limit our ability to identify smaller effects, in comparison, for
example, to the large study of 1380 women by Giltay et al. (2012). The
latter reports clear differences between anxiety patients and healthy
controls based on DSM-IV diagnostics by Composite International Di-
agnostic Interview. That said, we argue that hair samples are

particularly suited for large scale analysis due to simple sampling
procedure and the minimization of bias compared to other specimen,
where circadian and menstrual cycle variations in sex hormones con-
strain accurate quantification (Stalder and Kirschbaum, 2012). The
combination of sex steroid hormone quantification from hair and di-
agnostics with Composite International Diagnostic Interview in long-
itudinal designs holds great promise for future studies on the relation
between anxiety (disorders) and sex steroids in women.

4.2.3. P and anxio-depressive symptomatology in women
Our study found no association between P levels from hair and

depressive or anxiety symptoms. Existing studies examining the role of
P in women with depressive disorders report mixed results on how P
levels are associated with depression and anxiety (for a review, see
Schüle et al., 2011). In contrast, ALLO – a metabolite of P and not P
itself – has been found to be inversely related to different forms of
depressive disorders in women. One pioneering study shows markedly
reduced cerebrospinal fluid ALLO levels in acutely depressed patients
(Uzunova et al., 1998). Women suffering from premenstrual dysphoric
disorder are found to have lower circulating ALLO levels compared to
controls, for whom P levels are not different (Rapkin et al., 1997).
Administration studies using P or its metabolites such as ALLO in
women further reveal beneficial effects on depressive symptoms
(Gordon et al., 2018; Kanes et al., 2017). Future studies on hair sex
steroid levels in women and depressive burden might include ALLO
quantification in parallel to P quantification to further confirm these
findings.

Given the existing evidence, it is unsurprising that we did not
identify an association between hair P levels and anxiety symptoms.

4.3. Strengths and limitations

While our study has many strengths, including state of the art data
collection of hormones from hair samples of a large cohort of under-
studied women from rural India, and detailed information on critical
covariates related to depressive and anxiety symptoms and the hair
sample quality, some limitations must be taken into account when in-
terpreting the results. First, no men were included which prevents us
from examining gender-differences in the associations and examining
the sensitivity of T analysis to ND values among men. Second, while
steroid profiling from hair is a fast growing and promising field, we find
that it can yield a relatively large amount of NDs for P and T. The field,
clearly, requires common standards on how to handle ND values (cri-
teria for imputation vs. exclusion), especially for T. Third, the K6 –
while commonly used as a measure of psychological distress in large-
scale cross-country studies of mental health – is not a clinical measure
for depressive disorders or anxiety disorders. The previously mentioned
cross-loading for the item "decreased initiation" with regard to the two-
factor structure may have introduced imprecision in the factor struc-
ture. Questionnaire data on psychosocial stress would have been useful
in better understanding the relation between hair sex steroids and
anxio-depressive symptoms.

Another limitation is the lack of information about intake of med-
ication or oral contraception, which are confounders of sex steroid
concentrations in women; in Tamil Nadu, the National Family Health
Survey 2015–2016 found 53% of women between the ages of 15–49 use
any form of family planning methods, but we lack sample-specific
knowledge on oral contraception and other medication use. Future
studies should also consider impact of controlling for the stage of the
reproductive phase, given their central influence on the levels of sex
steroids. That said, the onset of menopause in women is worldwide on
average around 51 years of age and lasts on average about 10 years
until the status of post-menopause is reached, such that the vast ma-
jority of women in our sample are too young to be at risk of menopausal
influences on sex steroid levels. Moreover, our results are robust given
we control for subjects’ age in the regression estimates. Effect sizes are
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generally small and indicate modest associations with many other in-
terdependent influencing variables. Longitudinal associations can ty-
pically improve on cross-sectional estimates in multiple ways, which
makes it important to examine these identified associations in long-
itudinal designs. Repeated measurements of depression and anxiety
symptoms with paralleled hair steroid concentrations could enable
causal analyses. As an additional point, it seems important to consider
that depending on women’s sexual orientation, sex hormones and
stress-physiological profiles differ (Juster et al., 2016), so that higher T
and P levels are associated with increased cortisol secretion after stress
in sexual minority women (Juster et al., 2015). Inclusion of the wo-
men’s sexual orientation and its relation to steroid profiles in depression
and anxiety is also an interesting avenue for future analysis.

4.4. Conclusion

This is the first study to use data from a large cohort of rural Indian
women and show that higher depressive symptomatology is associated
with lower levels of hair DHEA. Higher levels of T are associated with
increased depressive burden and anxiety symptoms; however, this re-
lationship is sensitive to imputation of ND values.

Higher DHEA levels reflected by long term integrated concentra-
tions from hair are potentially protective against depressive disorders in
women. Findings for T in women are difficult to interpret and future
work needs to further probe the implications of ND values for analysis.
Specific subgroups of Indian women (e.g. obese and working women)
demonstrate particularly strong associations. That said, the magnitude
of the identified associations remain small, pointing to the value of
replication studies. To fully understand the biological underpinnings
related to the increased prevalence of depressive and anxiety disorders
in women, adequate basal levels and dynamic changes in sex steroid
levels need to be considered. Only by doing so can we advance the
development of sex-specific biopsychic informed screening instruments
for early detection of serious psychological distress. Assessing these
biomarkers will then enable us to identify social, behavioral, and
clinical prevention programs for depression and anxiety at much earlier
stages of disease development, as well as more effective therapies for
treatment.
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