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treatment outcome and memory improvement in Major
Depressive Disorder: a retrospective analysis
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Abstract

Background: Studies testing the relationship between cortisol levels, depression, and
antidepressant treatment response have yielded divergent results suggesting the possibility of
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moderators of a cortisol effect. Several studies indicate that age may moderate the relationship
between cortisol and depression. In patients with Major Depressive Disorder (MDD), we studied
the interactive effects of age and cortisol in association with MDD diagnostic status and mood and
memory response to antidepressant treatment.

Methods: Serum cortisol levels in 66 unmedicated patients with MDD and 75 matched healthy
controls (HC) were measured at baseline and retrospectively analyzed. Logistic regression was
used to determine an association of age, cortisol and their interaction with MDD diagnosis in the
pooled sample of MDD and HC participants. Thirty-four of the MDD participants (age range: 19-
65 years; median: 36) underwent treatment with a selective serotonin reuptake inhibitor (SSRI) for
8 weeks. Clinician and self-ratings of depression symptoms, as well as tests of verbal and visual
delayed recall were obtained at baseline and post treatment. Moderation analyses determined the
effect of age on the relationship between baseline cortisol and treatment outcome.

Results: Cortisol, moderated by age, was associated with MDD diagnosis (p<.05), treatment-
associated reduction of depression symptoms (p<.001) and improvement of delayed recall (p<.
001). Modeling the Cortisol X Age interaction suggested that for participants below the median
age of our sample, lower cortisol levels were associated with a lower rate of MDD diagnosis and
higher antidepressant effects. On the contrary, in those above the median sample age, lower
cortisol was associated with a higher rate of MDD and less improvement in depression symptoms
and memory performance.

Conclusions: Our results add to the body of literature suggesting that age might be an important
factor in moderating the relationship between peripheral cortisol levels, depression, cognition, and
prognosis. These results indicate that previous disparities in the literature linking peripheral
cortisol levels with depression characteristics and treatment response may critically relate, at least
in part, to the age of the participants studied.

Keywords
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Introduction

Because of the immense and growing cost of Major Depressive Disorder (MDD) to
individuals (Ferrari et al., 2013) and society (Greenberg et al., 2015), uncovering
physiological biomarkers associated with depression that may predict treatment response is
of high importance. Data accumulated over four decades of research indicate that the
hypothalamic-pituitary-adrenal (HPA) axis plays a key role in the pathophysiology of MDD
(Stetler and Miller, 2011; Wolkowitz et al., 2009) and might have utility for prediction of
depressive symptom response to psychological therapies (Fischer et al., 2017). However,
inconsistent results in the relationship between HPA axis markers such as cortisol and MDD
suggest the presence of moderators such as age (Stetler and Miller, 2011).

Several groups have observed an association between MDD and perturbations of the HPA
axis such as elevations in circulating cortisol (O’Brien et al., 2004; Stetler and Miller, 2011,
Vreeburg et al., 2009) or nonsuppression of cortisol levels with the dexamethasone
suppression test (Raison and Miller, 2003), particularly in more serious variants such as
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severe melancholic (Lamers et al., 2013) and MDD with psychotic features (Gomez et al.,
2006; Nelson and Davis, 1997; Rothschild et al., 1987). However, many studies of older
adults find no difference in overall cortisol levels in individuals with MDD relative to
healthy controls (Conrad et al., 2008; Fabian et al., 2001; Ferrari et al., 2001). Lower cortisol
was even detected in a significant proportion of elderly depressed patients (Bremmer et al.,
2007; Oldehinkel et al., 2001). Other conditions characterized by high degrees of negative
affect in elderly populations, including bereavement (Ong et al., 2011) and post-traumatic
stress disorder (Yehuda et al., 1995), have also been associated with lower cortisol levels.

Age may also moderate the effects of glucocorticoids on memory function (Heffelfinger and
Newcomer, 2001; Lupien et al., 2009). For example, in elderly rats, basal corticosterone
levels correlated negatively with spatial memory performance, but this was not true of young
rats (Yau et al., 1995). In young rats, amitriptyline improved spatial memory and increased
corticosteroid hippocampal gene expression, but these effects were not seen in older rats,
suggesting some antidepressant mechanisms related to glucocorticoids may be moderated by
age (Yau et al., 1995). Two studies in humans (with MDD status unspecified) suggested that
higher cortisol levels have detrimental effects on memory in older participants. A
longitudinal study found that older adult individuals (mean age 76.5 + 4.3 years) who
exhibited a rise in cortisol levels over the course of five years exhibited impairments in
delayed memory relative to those with decreasing and currently moderate cortisol levels
(Lupien et al., 1998); another longitudinal study found similar evidence for a negative effect
of increasing cortisol levels on memory in women but not in men (Seeman et al., 1997).

An important age-dependent concern for antidepressant treatment, including with selective
serotonin reuptake inhibitors (SSRIs) is the emergence of suicidal ideation and behavior. As
identified by the U.S. Food and Drug Administration, antidepressant treatment relative to
placebo increases the risk of suicidal thinking and behavior for individuals under 25 years of
age (Hampton, 2004). The risk of suicidal ideation and behavior, however, is lower with
antidepressant treatment than placebo for adults 65 years of age or older, and the risk
appears to change from higher to lower in midlife (McCain, 2009). Whether SSRIs might
result in different outcomes based on a biological difference between individuals of different
ages or other factors is unclear. Although suicidal behavior and depression treatment
outcome are not isomorphic clinically or biologically, the clear link between higher
depression severity and increased suicidal ideation (Beck et al., 1993) and the age dependent
link between suicidality and antidepressant treatment indicates a need to study how age
interacts with biology in determining antidepressant treatment response. One recent
informative meta-analysis of suicidal behavior in a heterogeneous population of participants
with different diagnoses and treatments found that younger individuals with higher cortisol
and older individuals with lower cortisol were at highest risk (O’Connor et al., 2016).
Motivated by this literature, we decided to investigate the relationships between cortisol, age
and antidepressant treatment response within a sample of depressed participants receiving
treatment with selective serotonin reuptake inhibitors (SSRIs). We undertook a retrospective
analysis to explore the relationship between the state of the HPA axis as indicated by cortisol
level moderated by age, and depression characteristics including MDD diagnosis and SSRI
treatment outcome (mood and memory). An a priori hypothesis was generated that age
would moderate the effects of cortisol on depression treatment outcome, in that younger
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individuals (relative to our sample) with higher cortisol and older individuals with lower
cortisol would be at higher risk for MDD and improve less (symptomatically and in regards
to memory) after a course of antidepressants.

2 Material and methods

2.1 Study participants

67 unmedicated MDD patients and 75 matched healthy controls (HC) were recruited at the
University of California, San Francisco (UCSF), in a pilot study (N=38) from 2006-2008
(clinicaltrials.gov ) and a larger study (N=104) of cellular aging markers for antidepressant
treatment response () taking place from 2011 2014. All procedures were approved by the
Committee on Human Research of UCSF. Participants were recruited by flyers, bulletin
board notices, newspaper ads, Craigslist postings, and clinical referrals. Study participants
gave written informed consent to participate and were compensated for participating. Those
receiving antidepressant treatment were not charged.

Depressed participants were diagnosed with a current major depressive episode, without
psychotic features, with the Structured Clinical Interview for DSM IV-TR Axis | Disorders
(SCID) (First et al., 2015) and this diagnosis was confirmed by clinical interview with a
board-certified psychiatrist. They scored =17 on the 17-item Hamilton Depression Rating
Scale (HAMD) (Hamilton, 1960) indicating at least moderate severity. Exclusion criteria for
MDD patients were psychotic symptoms during their current major depressive episode,
history of psychosis outside of a mood disorder episode, bipolar disorder, post-traumatic
stress disorder, any eating disorder or severe trauma within one month of entering the study,
and substance abuse or dependence (including alcohol) within six months of entering the
study. Co-morbid anxiety disorders, with the exception of PTSD, were not exclusionary if
MDD was considered the primary diagnosis. None of the study participants had acute
illnesses or infections, chronic inflammatory disorders, neurological disorders, or any other
major medical conditions considered to be potentially confounding (e.g., cancer, HIV,
diabetes, history of cardiovascular disease or stroke, etc.), as assessed by history, physical
examination and routine blood screening.

All study participants were required to be free of any psychotropic medications, hormone
supplements, ACE-inhibitors, steroid-containing birth control or other potentially interfering
medications, and had not had any vaccinations, for at least six weeks prior to enrollment in
the study. None were taking vitamin supplements above the U.S. recommended daily
allowances (e.g., 90 mg/day for Vitamin C). Short-acting sedative-hypnotics were allowed as
needed up to a maximum of three times per week, but none within one week prior to
participation. Prior to each study visit, all participants tested negative for drugs of abuse with
a urine toxicology screen (marijuana, cocaine, amphetamines, phencyclidine, opiates,
methamphetamine, tricyclic antidepressants, and barbiturates), and women of child-bearing
potential tested negative for pregnancy with a urine screen. Individuals taking part in the
imaging study were excluded for any MRI contraindications.

Psychoneuroendocrinology. Author manuscript; available in PMC 2020 November 01.
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2.2 Blood draw preparations

Participants were admitted as outpatients to the UCSF Clinical and Translational Science
Institute between 8 a.m. and 11 a.m., having fasted (except water) since 10 p.m. the night
before. Participants were instructed to sit quietly and relax for 25 - 45 minutes before blood
samples were obtained. Blood was collected into serum separator tubes, and serum was
saved and frozen at - 80 degrees C until assay to ensure stability (Kley et al., 1985) in a
freezer equipped with an alarm system to notify of temperature conditions and ensure there
were no temperature excursions. Cortisol assays for retrospective analysis were conducted in
batches based on year of recruitment (2006 - 2008 and 2011 - 2014) as previously described
(Hough et al., 2017). The first batch contributed 38 samples (18 MDD and 20 HC) and was
assayed by Human ELISA (Immulite 2000, Siemens Healthcare Global, Erlangen, Germany,
intra-assay CV 5.6%, inter-assay CV 7.7%). The second batch consisted of 104 samples (49
MDD and 55 HC) and was assayed with radioimmunoassay (Siemens Medical Solutions
Diagnostics, Los Angeles, CA, intra-assay CV 3.4%, inter-assay CV 5.5%). Relative to the
normal parameters of the cortisol assays (5ug/dL — 25ug/dL), in the HC sample, 13% of
participants were below and 2% were above, whereas in MDD, 8% of participants were
below and 0% of participants were above. Post blood draw, one MDD participant was found
to be taking an ACE inhibitor and was excluded, resulting in 66 usable MDD participants
and 75 HC.

2.3 Depression Symptom Measures

The severity of depressive symptoms was rated in depressed patients by self-report using the
Quick Inventory of Depression Symptoms — Self Report (QIDS) (Rush et al., 2003), and by
clinical observers using the HAMD, at baseline and (for treated patients) after 8 weeks of
antidepressant medication. The QIDS was used as primary outcome because of its
unidimensionality and high internal consistency (Reilly et al., 2015), and because it was
normally distributed in our population whereas HAMD exhibited a leftward skew with most
participants scoring near the cutoff point for study entry. Change in depression symptoms
was calculated as post minus pre.

2.4 Cognitive Measures

Cognitive tests were administered to depressed patients in the treatment sample by research
assistants trained by a licensed neuropsychologist with expertise in the delivery of research-
grade assessment. The primary outcome studied was verbal and visual delayed recall (DR)
due to previous work identifying a relationship between cortisol levels and delayed memory
performance in aging (Lupien et al., 1998). The Hopkins Verbal Learning Test - Revised
(HVLT) was used to assess verbal DR (Benedict et al., 1998) and the Brief Visuospatial
Memory Test — Revised (BVMT) for visual DR (Benedict et al., 1996). To assess attention
and working memory as a composite (attention-WM), WAIS-I11 forward and backward digit
span tests were administered and the total score from both digit span trials was summed to
provide an overall measure of performance (Wechsler, 1997). Raw scores for all measures
were used. Not all participants completed cognitive measures: the HVLT was obtained on 27
MDD participants and the BVMT on 18 participants at follow up (Table 1). All BVMT
participants were drawn from the 2011-2014 pool comprising batch 2.
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2.5 Antidepressant treatment

34 of the MDD participants were provided with open-label SSRI antidepressant treatment
for 8 weeks. The end-of-study blood draw, clinical assessment and depression ratings were
performed at the end-of-study visit, while the subjects were still on their standing doses of
medication. The decision to treat 34 of the larger group of MDD subjects was not based on
randomization nor on any systematic selection criteria: the larger study added a treatment
phase about midway through the study, and all of the treated subjects who had cortisol data
and depression outcome measures were included in the present report. Doses of medications,
including maximum tolerated doses, were based on clinical practice of a Board-Certified
psychiatrist with over 35 years experience in prescribing antidepressants to depressed
patients according to standard clinical guidelines (American Psychiatric Association, 2010);
therefore the dosing schedules were reflective of real-world clinical practice. Participants
were begun at a low dose which was titrated to therapeutic range during the eight-week
period as clinically indicated. All subjects were started on sertraline unless this was deemed
clinically inappropriate such as for prior failed trial or previous history of side effects. Of the
34 subjects, 28 received sertraline (dose range 25 to 200mg, final dose 110+38mg), 2
escitalopram (dose range 10 to 20mg, final dose 15£7mg), 2 citalopram (dose range 20 to
40mg, final dose 35+7mg), and 2 fluoxetine (dose range 20 to 40mg, final dose 35+7mg).
No subjects required SSRI switch. In general, maximum tolerated doses were held constant
for at least the last 4 weeks of the 8-week trial. Compliance with medication was assessed by
telephone check-ins at Week 1, and in-person visits at week 4 and 8 with pill counts. Plus,
antidepressant levels were measured in blood, and in every case (with the exception of one
subject, a treatment responder, who tolerated only 25 mg/day of sertraline), the blood levels
were within the expected ranges, consistent with very good medication compliance. Short-
acting benzodiazepines (t-1/2 < 12 hours) were allowed for sleep in the MDD group on an
“as needed” basis up to three times per week, but none within one week of any testing or
blood drawing session.

2.6 Statistical analysis

Statistical analysis was conducted with R version 3.2.3 (R Core Team, 2016). Baseline
demographic variables included age, sex, cortisol, body mass index (BMI), race, ethnicity
(Hispanic), current smoking (tobacco), Cortisol levels were log transformed and then
converted to z scores by batch to facilitate comparison. The baseline variables were
examined for outliers and one participant was identified who scored more than 3 standard
deviations below the mean on multiple cognitive tests at baseline (HVLT, BVMT, Digit
Span), and this participant was removed from analysis of cognitive results. Model terms for
all analyses were presented as Beta + one standard error (SE).

2.6.1 Preliminary Analyses—Preliminary analyses were conducted to determine the
comparability of the larger samples with subsamples used for specific outcomes analyses,
using Chi-square tests for categorical variables and t-tests for continuous measures.
Analyses were also conducted to determine which covariates (aside from sex, which was
always included due to its well-known association with MDD) should be included in the
models of Cortisol X Age with each outcome; and whether cortisol, age or sex were
individually associated with outcomes. Specifically, logistic regression was used to

Psychoneuroendocrinology. Author manuscript; available in PMC 2020 November 01.
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determine associations between smoking, sample batch, cortisol, age, sex, and BMI, with
MDD diagnosis. Linear regression was used to determine associations between changes in
longitudinal outcome measures (QIDS, HAMD, BVMT and HVLT delayed recall) and
smoking, sample batch, cortisol, age, sex, BMI, and baseline scores on the outcome
measures. Longitudinal changes in symptoms from before to after treatment were
characterized with t-tests and Cohen’s d effect size.

2.6.2 Primary Analyses—A priori, three outcomes were tested as primary: MDD
diagnosis, self-reported depression symptom change, and delayed recall change. Logistic
regression was employed to model the relationship between Cortisol X Age with baseline
MDD diagnosis in the pooled sample of MDD and HC participants, using sex and smoking
as covariates (smoking because it differed at baseline between MDD and HC.) A linear
model was utilized to determine the association of QIDS change with Cortisol X Age, using
sex and baseline QIDS as covariates. A linear model was also employed to determine the
association of verbal (HVLT) and visual (BVMT) DR change with Cortisol X Age, adjusting
for sex and baseline score as covariates, and the interaction term was considered significant
if p<.025 to correct for two comparisons.

2.6.3 Secondary Analyses—Cortisol X Age was studied in association with change in
HAMD and attention-WM, using sex and baseline attention-WM as covariates. To determine
whether the DR change results could be accounted for by change in attention-WM, change
in attention-WM was added as a covariate to the primary analysis models of change in DR.

2.6.4 Visualization of longitudinal outcome interaction models—To visually
model how the relationship between cortisol and clinical outcome was moderated by age, the
results were plotted using a sliding window in a manner analogous to signal processing
algorithms that model variables of interest based on when they occur (Kaiser et al., 2018;
Sugase et al., 1999). Participants were first ordered from 1 to 34 on the basis of age. Sliding
windows of 9 consecutive participants (e.g., participants 1 through 9, 2 through 10, 3
through 11, etc.) were obtained to cluster participants of similar age together. For each
window of similarly aged participants, a linear regression model was performed using the
relevant outcome as the dependent variable and cortisol as the independent variable. To
facilitate visualization of the results, the beta values (for the slope of cortisol associated with
the outcome variable in each sliding window) were plotted on the y axis versus the median
of age of each sliding window on the x axis.

3 Results

3.1 Preliminary analyses

3.1.1 Clinical and treatment samples—The clinical MDD sample and matched HC
were comparable on baseline demographic measures (Table 1). On average, participants
were female, college educated, and Caucasian. Depression severity of MDD participants was
on average moderate as assessed by both the HAMD and the QIDS, whereas the low score
of HC on the QIDS was consistent with the absence of depression (these participants were
not scored with the HAMD.) The MDD treatment subsamples did not differ on baseline
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variables from the overall MDD sample or from each other except for a younger age of onset
in the subset to whom the BVMT was administered relative to the overall MDD sample (p<.
05, Table 1).

3.1.2 Association of individual baseline variables with MDD diagnosis and
treatment outcomes—To determine how baseline variables associated with MDD status,
we pooled the data from MDD participants (termed “MDD base”) and HC samples (Table 1)
and coded for presence of MDD in a binary fashion. With logistic regression, only smoking
was associated with MDD diagnosis, but not other baseline variables (age, sex, BMI,
cortisol, batch, Table 2). This also illustrated that our MDD sample was well controlled on
pre-specified age and sex variables.

Correlations between baseline outcome scores and change in outcome scores were
consistently significant, with higher depression symptom scores and lower DR scores
associated with greater improvement (p<.001 for QIDS, p=.01 for HAMD, p<.0001 for both
BVMT and HVLT DR, Table 4). Age was negatively correlated with improvement in QIDS
(p<.05) and positively correlated with improvement in BVMT DR (p<.05) (Table 4). Other
tested variables were not individually associated with treatment outcomes (Table 4).

3.1.3 Effect of treatment—With treatment, self- and clinician-rated depression
symptoms declined significantly as expected for a single group, open label treatment (Table
3). HVLT total learning score and DR improved, but there were no changes in other verbal
memory measures, visual learning or attention-WM (Table 3).

3.2 Primary Outcomes

3.2.1 Association of Cortisol X Age with MDD diagnosis—Age was a moderator
of the association of cortisol with MDD diagnosis (Table 2), and this was not influenced by
adjustment for smoking or sex. To characterize the pattern of moderation, we performed
median splits on cortisol (z score = 0) and age (36 years) and determined the proportion of
participants with MDD in each group. This yielded the following percentages of participants
with MDD: low age and low cortisol 39% (n=12/31), low age and high cortisol 48%
(n=19/41), high age and low cortisol 56% (n=25/45), high age and high cortisol 42%
(n=11/26).This suggested that the significance of the Cortisol X Age interaction was due to a
modestly increased risk of MDD in those younger participants with higher cortisol levels
and older participants with lower cortisol levels. Post hoc Chi-square test, however, was not
significant for differences among these subgroups (X(3) = 2.4, p=.5), possibly due to limited
power when subdividing the sample into four discrete classifications.

3.2.2 Age moderates association of cortisol with self-reported depression
symptom outcome—~For change in QIDS, the linear model of Cortisol X Age with sex
and baseline symptom covariates was significant (p<.001), and the overall model accounted
for 43% of the variance in change in QIDS (Table 4). Significant terms included cortisol,
QIDS baseline score, and Cortisol X Age (p<.05 for all). Removing covariates did not alter
the significance of the Cortisol X Age term (Table 4). The pattern of interaction suggested
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greater improvement in participants of younger age with lower cortisol and older age with
higher cortisol (Fig 1 A, D).

3.2.3 Age moderates association of cortisol with improvement in delayed
recall—In the HVLT verbal DR interaction model, all terms (Age, Cortisol, baseline
symptoms, and Cortisol X Age) were significant except for sex, and the overall model
accounted for 73% of the variance in outcome (p<.00001). Neither adjusting for change in
attention-WM performance nor for sample batch reduced the significance of the model
(Supplementary Results). The pattern of interaction suggested greater improvement in
participants of older age with higher cortisol (Fig 1 B,E).

Because change in the verbal DR measure was associated with Cortisol X Age, we next
tested whether Cortisol X Age was associated with change in delayed visual recall using the
BVMT. In the interaction model adjusting for baseline symptoms and sex, cortisol, baseline
performance, and Cortisol X Age were significant and the model accounted for 83% of the
variance in outcome (Table 4, p<.0001). Adjusting for change in attention-WM did not
impact the significance of these findings (Supplementary Results). The pattern of interaction
suggested greater improvement in participants of older age with higher cortisol (Fig 1 C,F).

3.3 Secondary Outcomes

We tested whether age moderated the relationship between cortisol and clinician-rated
depression symptoms. Although age moderated the effect of cortisol on HAMD in the model
without covariates, when adding sex and baseline HAMD the interaction term was no longer
significant (Table 4). While the overall model with covariates was statistically significant
(p<.05) as was the cortisol term (p<05), the model accounted for a lower proportion of the
variance (20%) than noted above for self-reported symptoms.

With respect to change in attention-WM, we found no effect of age, cortisol, or their
interaction (p>.5 for all independent variables). However, adding baseline attention-WM
score did result in significance of the overall model, with baseline attention-WM score as the
only significant variable (Supplementary Results).

4 Discussion

In a sample of MDD individuals who were physically healthy and unmedicated at study
entry, age moderated the association of cortisol with baseline MDD status and several
important outcomes: depression symptomatic improvement with antidepressant treatment,
and delayed recall with both verbal and visual stimuli. Confirming our hypotheses, for adults
younger than the median age of our sample, modeling of the data indicated that higher levels
of cortisol were associated with worse treatment response, while for participants older than
the median, higher levels of cortisol were associated with better treatment response. For
cognitive outcomes, there appeared to be little association with cortisol at lower ages but a
strong association in the upper age range, most prominently in those over 45 years of age, in
which relatively higher baseline levels of cortisol were associated with improvement in both
verbal and visual delayed memory. This partially confirmed our hypothesis in older, but not
younger adults in our sample. The association of Cortisol X Age with improvements in
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memory and mood could neither be explained by covariates such as sex or baseline
symptoms, nor by a commensurate change in a composite score of attention and working
memory. To our knowledge, this is the first study to find a consistent, age-dependent
biomarker (cortisol level) that is associated with MDD diagnostic status, reduction in
depression symptoms and memory improvement.

Though observed in a limited sample of 34 individuals, the Cortisol X Age association with
depression treatment outcome is consistent with two recent large meta-analyses that assessed
the impact of age in moderating cortisol on prediction of outcome in varied clinical
populations. First, O’Connor et al (2016) demonstrated a similar relationship between age
and cortisol in predicting suicidal behavior. This meta-analysis analyzed 27 studies including
over 2000 individuals and found an interactive effect between age and basal cortisol in
predicting suicide attempt across patients with different diagnoses: those patients under 40
with higher cortisol and those over 40 with lower cortisol were at greatest risk. Interestingly,
the inflection point for antidepressant treatment outcome in this study was also at about 40
years of age. The reason for this shift in midlife is unclear. Although the curve is roughly
similar to that of fertility, inclusion of sex in our model did not reduce the significance of our
findings or clearly suggest a sex-specific effect.

The finding that age moderated the association of cortisol with MDD diagnostic status is
also broadly consistent with a meta-analysis of 26 studies containing over 5000 individuals
that found a similar Cortisol X Age interaction to predict post-traumatic stress disorder
(PTSD) risk (Morris et al., 2016). In this meta-analysis, younger individuals with higher
cortisol and older individuals with lower cortisol in the period following a traumatic event
were at greater risk for later development of PTSD. However, the inflection point in their
study was approximately 30 years of age, perhaps suggesting that the physiological process
underlying this finding might be accelerated in those with significant trauma reactivity,
relative to those without PTSD (as comprised our sample).

Consistent with several prior reports, higher cortisol levels in younger individuals was
associated with higher MDD and worse treatment response. Stetler et al. (2011), for
example, found that higher cortisol levels were evident with a moderate effect size in MDD
using metaanalysis. Prior studies of cortisol as a predictor of MDD treatment with
psychological therapies (Fischer et al., 2017) and antidepressant treatment (Kin et al., 1997)
have suggested that higher levels are a poor prognostic sign. Our results in adults over the
median age of our sample, which in contrast indicated that lower levels of circulating
cortisol were associated with higher rates of depression diagnosis are consistent with some
prior reports (Bremmer et al., 2007; Oldehinkel et al., 2001). Potential mechanisms related
to these findings are unclear but we suggest two possibilities related to changes in the HPA
Axis with aging and stress. An overall reduction in HPA activity could be associated with
lower cortisol levels in adults past midlife who are particularly vulnerable to treatment
resistant depression. Alternatively, increased neural glucocorticoid receptor sensitivity,
perhaps due to chronic HPA axis activation from stress earlier in life, could result in lower
peripheral cortisol levels via feedback inhibition. Both of these mechanisms have been
postulated to underlie clinical symptoms often comorbid with depression, including somatic
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symptoms and pain syndromes, chronic fatigue, and stress related disorders, albeit
irrespective of age (Fries et al., 2005; Heim et al., 2000; Raison and Miller, 2003).

The findings that, for younger adults in our sample, cortisol levels were not apparently
associated with delayed recall improvement with antidepressants, while for adults past
midlife increasing cortisol was associated with improved delayed recall, are challenging to
explain apart from the aforementioned general mechanisms possibly associated with
antidepressant response. That changes in attention and working memory did not account for
the effect of Cortisol X Age on delayed recall suggests a specific memory-related
mechanism, perhaps mediated by medial temporal lobe structures. Recent work has
suggested that higher circulating cortisol is associated with reduction in amygdala volume in
older but not younger adults (Ennis et al., 2019), which might be thought to most impact an
emotional learning difference between age groups. However, volumetric differences with
age were not seen in the hippocampus which is the critical structure implicated in delayed
recall (Smith and Milner, 1981). Lupien and colleagues (1998) demonstrated negative
associations between chronically elevated cortisol, reduction in hippocampal volume and
delayed recall impairment in an aging population. SSRIs have been shown to increase
BDNF derived neural progenitor cells in the hippocampus (Boldrini et al., 2009), perhaps
counteracting the effects of elevated basal cortisol in older adults. Whether this would be
thought to differ in younger adults, however, is unclear. Other authors have speculated that
older adults might be more vulnerable than younger individuals to hippocampal microglial
neuroinflammatory pathways that are primed by cortisol (Barrientos et al., 2012). Such
microglial activation might be reversed by SSRIs (Farooq et al., 2018; Tynan et al., 2012).
Thus, older adults with relatively higher levels of basal cortisol might be those more likely to
have putative depression mechanisms, such as microglial activation, modulable by SSRIs. It
should be noted that the effects seen might not extend to paroxetine, which was not provided
to our subjects and which uniquely among the SSRIs (probably due to its anticholinergic
effects) has been associated with worsened delayed recall (Furlan et al., 2001; Schmitt et al.,
2001).

The current study’s findings should be interpreted in light of its strengths and limitations.
Strengths of our study included that our participants were medically healthy and
unmedicated for a minimum of 6 weeks before baseline testing. A limitation of this study is
that comorbid Axis Il disorders, presence of melancholia and prior episodes of MDD with
psychosis were not evaluated, although subjects with current psychotic symptoms or
psychatic disorders were excluded and all subjects were recruited from outpatient settings. A
second limitation of this work is reliance on a single basal morning cortisol level. Although
variability of setting was mitigated by laboratory draw after a period of rest, the pulsatile
nature of cortisol secretion could lead to variability of measurement across days. A third
limitation is that our sample sizes for the retrospective clinical outcomes analyses were
limited. In part to address this limitation, outcomes utilized continuous measures as opposed
to splitting the sample into subgroups (for example, based on remission status). The use of
continuous outcome measures also served to increase our power to find an effect. Fourth,
while the open-label nature of our study more closely resembles common clinical practice, it
makes mechanistic interpretations difficult. Specifically, effects seen after SSRI treatment
could be due to the SSRI or to non-specific factors such as time or degree of comfort in the
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test setting. Finally, participants were all younger than 70 years and our main findings may
not apply to those over 70 years of age.

5 Conclusions

These retrospective results are in keeping with other observations about a possible role of
patient age moderating the interaction between cortisol level, MDD symptoms and
antidepressant treatment outcome, with a threshold effect somewhere between early and
middle adulthood. Further confirmatory research on the moderation of cortisol by age in
association with MDD and treatment outcome should sample cortisol at multiple times
across several days in a home environment and in the lab both before and after treatment,
and it should involve larger samples across a broader range of ages. As a moderation effect
of age on cortisol has been observed in association with limbic system architecture (Ennis et
al., 2019), further research may elaborate whether there are common brain structural or
functional changes in those with MDD who are younger with higher cortisol levels and older
with lower cortisol levels. Further study of molecular mechanisms underlying these effects
might help elucidate targets of antidepressant treatments such as glucocorticoid receptor
blockers and other HPA axis modulators (Block et al., 2018; Menke, 2019; Wolkowitz and
Reus, 1999). We suggest that further research of age-dependent changes of the HPA axis
might inform an understanding of biological differences in response to antidepressant
treatments across different stages of adulthood.
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Highlights
. Cortisol, moderated by age, was associated with major depression diagnosis.
. Cortisol, moderated by age, was associated with improvement in major
depression symptoms
. Cortisol, moderated by age, was associated with change in verbal and visual

delayed recall
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Figure 1.
Panels A — C. Sliding window modeling of how cortisol was associated with outcome in

each age group. Participants were ordered on age and grouped into overlapping windows of
9 participants. Successive windows iterated by one participant. Each window corresponds to
one data point. Y axis shows Beta coefficient + one standard error of outcome change
regressed on cortisol within each sliding window. X-axis indicates median age for the
window of 9 participants in which the cortisol-outcome regression was performed. A third
order polynomial was used to model the curve. For panel A, negative Beta value indicates
higher cortisol was associated with improvement in depression symptoms. For panels B and
C, positive Beta indicates that higher cortisol was associated with improvement in verbal and
visual delayed recall, respectively. Panels D-F. Data points for cortisol (z scores) versus
change in clinical outcome (pre - post). A negative delta for QIDS indicates clinical
depression improvement, whereas a positive delta for HVLT and BVMT indicates memory
improvement. Red circles show participants less than 35 years of age. Green triangles show
participants between 35 and 44. Blue squares show participants 45 and older. The trend line
was modeled within each age range. QIDS=Quick Inventory of Depression Symptoms — Self
Report; BVMT=Binder Verbal Memory Test Delayed Recall; HVLT=Hopkins Verbal
Learning Test Delayed Recall.
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Table 1.
Demographic and clinical variables
MDD baseline HC (N = 75) MDD treatment MDD treatment MDD treatment
(N = 66) - (N =34) HVLT (N = 27) BVMT (N = 18)
Female sex (%) 38 (58%) 46 (61%) 22 (66%) 17 (63%) 11 (61%)

Age (years) [range]
Race (%)
Caucasian

African American /
Black

Asian

Multiracial American

Indian

Other
Ethnicity

Hispanic (%)
Education (years)
Smoking tobacco (%)
Body Mass Index
Age of MDD onset
QIDS baseline
HAMD baseline

AM serum cortisol baseline

(hg/dL)

38.8 +13.8 [19-68]

46 (70%)
5 (8%)

9 (14%)

1(1%)
5 (7%)

11 (17%)
16122
17 (25%)
257+45
16487
131+38
201+33

9.6+4.6

37.3 +13.3 [20-69]

50 (67%)
6 (8%)

15 (20%)

2 (3%)
2 (2%)

9 (12%)
16.7+18
6 (8%)*
245+46
NA

1.9+ 1.3%*
NA

9.7+6.0

37.4+12.1 [19-65]

28 (82%)
2 (6%)

1(3%)

0 (0%)
3 (9%)

7 (20%)
164 +2.2
10 (30%)
26.9+4.9
156 +9.2
13.3+33
19.6+3.0

9.9+47

36.0 + 12.3 [20-65]

22 (82%)
2 (7%)

0 (0%)

0 (0%)
3 (11%)

7 (26%)
16.3+2.0
6 (22%)
26.6+5.1
16.3+10.2
135+34
19.9+3.2

10.6 4.6

36.0 +13.9 [19-62]

14 (78%)
1 (6%)

0 (0%)

0 (0%)
3 (17%)

5 (28%)
15923
6 (33%)
28.1+46
12.3+4.7%
134+28
20.0+34

85+4.1

BVMT=Binder Visual Memory Test; HAMD=Hamilton Depression Rating Scale 17 item; HC=healthy control; HVLT=Hopkins Verbal Learning

Test; MDD=Major Depressive Disorder; NA=not available; QIDS=Quick Inventory of Depression Symptoms — Self Report; ug/dL=micrograms per
deciliter. MDD baseline variables were compared to all other samples, with significant differences indicated as *p<.05 and **p<.01. No differences
were found between variables of the three MDD treatment samples compared with each other.
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Table 2.

Associations of baseline variables with MDD diagnosis in pooled MDD/HC sample

Individual Variable Models

Variable (N) B SE
Age (144) 0.008 0.01
Cortisol (141) 0.08 0.17
Batch (144) -0.008 0.38
Sex (144) 0.06 0.34
BMI (144) 0.06 0.04
Tobacco Use (144) 1.19 0.49
Interaction Model (N=141)

Age 0.01 0.013
Cortisol 1.34 0.63
Cortisol X Age -0.04 0.02

0.52
0.66
0.98
0.85
0.11
0.01

0.45
0.03
0.04

Model: x2(3) =4.8, p=0.19

Interaction Model Adjusting for Smoking and Sex (N=141)

Age 0.02 0.01
Cortisol 1.45 0.64
Sex 0.05 0.37
Smoking (tobacco) 1.50 0.52
Cortisol X Age -0.04 0.02

0.26
0.02
0.88
0.004
0.03

Model: x2(3) =12.6, pi = 0.005

BMI=Body Mass Index; HC=Healthy Controls; MDD=Major Depressive Disorder
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Table 3.

Depression and cognition changes after 8 weeks of treatment

pre post t( df) P
QIDS 13.3+33 721+321 9.21 (33) 1079
HAM-D 19.62 + 3.04 9.71+5.16 10.24 (33) 10720
HVLT Total 27.42 +4.90 28.93+3.71 2.44 (25) 0.02
HVLT Delayed Recall ~ 10.09 + 2.05 10.81+1.30 3.24 (25) 0.003
HVLT Recognition 10.52 +3.33 11.19+1.30 1.27 (24) 0.22
HVLT Retention 96.94+13.56 98.91+10.37 1.21(25) 0.24
BVMT Total 26.79 £7.69 29.67 +3.45 1.27 (17) 0.22
BVMT Delayed Recall  10.05 + 2.82 10.89 + .68 .92 (17) 0.37
BVMT Retention 82.34+3532 95.73+5.25 1.23(17) 0.23
Digit Span 19.26 £ 4.72 19.67 £ 3.89 .67 (32) 0.51

BVMT=Binder Visual Memory Task; df=degrees of freedom; HAMD=Hamilton Depression Rating Scale 17 item; HC=healthy control;
HVLT=Hopkins Verbal Learning Task; MDD=Major Depressive Disorder; #=paired t-test statistic; QIDS=Quick Inventory of Depression

Symptoms — Self Report
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Table 4.

Correlates of change in depression and cognition
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Change in QIDS (N=34)

Change in HAMD (N=34)

Individual Variable Models

Variable (df) B SE p
Age 0.13 0.05 0.02
Cortisol -0.24 0.72 0.74
QIDS baseline -0.72 0.16 0.001
Batch -1.46 1.34 0.29
Sex 0.48 141 0.73
BMI 0.14 0.14 0.3
Tobacco Use -0.08 1.49 0.96
Interaction Model
Age 0.19 0.05 0.001
Cortisol 7.44 1.98 0.001
Cortisol X Age -0.18 0.05 0.001

Model: F(3,30)=7.85, adj R?=.38, p<.001

Interaction Model Adjusting for Baseline Symptoms and Sex

Age 0.12 0.06 0.04
Cortisol 5.55 2.07 0.01
Sex 0.17 1.06 0.88
QIDS baseline -0.45 0.19 0.03
Cortisol X Age -0.13 0.05 0.02

Model: F(5,28)=6.04, adj R?=.44, p<.001

Individual Variable Models

Variable (df) B SE p
Age 0.11 0.08 0.19
Cortisol 0.9 1.03 0.39
HAMD baseline -0.78 0.3 0.01
Batch 0.75 1.97 0.7
Sex 0.64 2.05 0.76
BMI 0.3 0.19 0.14
Tobacco Use -1.97 213 0.36
Interaction Model

Age 0.2 0.08 0.02
Cortisol 8.36 3.37 0.02
Cortisol X Age -0.17 0.08 0.04

Model: F(3,30)=2.98, adj R?=.15, p<.05

Interaction Model Adjusting for Baseline Symptoms and Sex

Age 0.14 0.09 0.12
Cortisol 6.94 3.43 0.05
Sex -0.51 1.87 0.79
HAMD baseline -0.59 0.33 0.09
Cortisol X Age -0.14 0.08 0.12

Model: F(5,28)=2.64, adj R?=.20, p<.05

Change in HVLT DR (N=26)

Change in BVMT DR (N=18)

Individual Variable Models

Variable (df) B SE p
Age -0.008 0.03 0.21
Cortisol 0.74 0.37 0.06
HVLT DR baseline -0.60 .09 0.0001
Sex -0.06 0.71 0.94

BMI -0.03 0.06 0.67
Tobacco Use 1.19 0.79 0.15

Interaction Model

Age -0.02 0.02 049
Cortisol -2.35 1.21 0.06
Cortisol X Age .08 .03 .01

Model: F(3,22)=4.01, adj R?=.27, p<.05

Interaction Model Adjusting for Baseline Symptoms and Sex
Age -.04 0.02 0.01
Cortisol -1.54 0.74 0.05

Individual Variable Models

Variable (df) B SE p
Age 0.05 0.02 0.02
Cortisol (z score) -0.009 0.26 0.97
BVMT DR baseline -0.77 0.10 0.0001
Sex 0.01 0.64 0.98
BMI -0.10 0.06 0.16
Tobacco Use 0.08 0.66 0.90

Interaction Model

Age 0.04 0.02 0.10
Cortisol -0.76 0.90 0.41
Cortisol X Age 0.02 0.02 0.31

Model: F(3,14)=2.74, adj R?=.23, p=.08

Interaction Model Adjusting for Baseline Symptoms and Sex
Age -0.03 0.02 0.09
Cortisol -1.30 0.46 0.02
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Change in QIDS (N=34)

Change in HAMD (N=34)

Individual Variable Models
Variable (df)
Sex
HVLT DR baseline
Cortisol X Age

Model: F(5,20)=14.83, adj R?=.73, p<.00001

Individual Variable Models

B SE p Variable (df)
-0.03 0.40 0.95 Sex
-0.57 0.09 0.00001 BVMT DR baseline

0.05 0.02 0.02 Cortisol X Age

B SE p
-0.36 0.32 0.29
-0.87 0.13 0.0001
0.03 0.01 0.01

Model: F(5,12)= 17.11, adj R?=.83, p<.0001

Association of change in outcome measure with individual variables at baseline, Cortisol X Age interaction model, and Cortisol X Age adjusting
for baseline symptoms and sex. BMI = body mass index; BVMT = Binder Visual Memory Test; DR = delayed recall; HAMD = Hamilton
Depression Rating Scale 17-item; HVLT = Hopkins Verbal Learning Test; QIDS = Quick Inventory of Depression Symptoms - Self Report
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