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Abstract

Despite significant advances in the management of head trauma, there remains a lack of pharmacological treatment
options for traumatic brain injury (TBI). While progesterone clinical trials have shown promise, corticosteroid trials have
failed. The purpose of this study was to (1) characterize endogenous cerebrospinal fluid (CSF) progesterone and cortisol
levels after TBI, (2) determine relationships between CSF and serum profiles, and (3) assess the utility of these hormones
as predictors of long-term outcomes. We evaluated 130 adults with severe TBI. Serum samples (n=538) and CSF samples
(n="746) were collected for 6 days post-injury, analyzed for cortisol and progesterone, and compared with healthy controls
(n=13). Hormone data were linked with clinical data, including Glasgow Outcome Scale (GOS) scores at 6 and 12
months. Group based trajectory (TRAJ) analysis was used to develop temporal hormone profiles delineating distinct
subpopulations. Compared with controls, CSF cortisol levels were significantly and persistently elevated during the first
week after TBI, and high CSF cortisol levels were associated with poor outcome. As a precursor to cortisol, progesterone
mediated these effects. Serum and CSF levels for both cortisol and progesterone were strongly correlated after TBI
relative to controls, possibly because of blood-brain barrier disruption. Also, differentially impaired hormone transport
and metabolism mechanisms after TBI, potential de novo synthesis of steroids within the brain, and the complex interplay
of cortisol and pro-inflammatory cytokines may explain these acute hormone profiles and, when taken together, may help
shed light on why corticosteroid trials have previously failed and why progesterone treatment after TBI may be beneficial.
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Introduction

DESPITE SIGNIFICANT ADVANCES in the management of head
trauma and new developments in basic and clinical research,
there remains a lack of pharmacological treatment options con-
ferring significant neuroprotection after traumatic brain injury
(TBI). Multiple studies, however, have evaluated the potential role
that steroid hormones may have in reducing the adverse effects of
secondary injury and improving outcome.

Multiple animal model studies report that acute progesterone
therapy has pleiotropic effects on multiple components of sec-
ondary injury.'™ Although progesterone’s mechanisms of action
are still being investigated, a growing body of literature have de-
scribed its role as a potent neuroprotectant that reduces cerebral
edema, modulates excitotoxicity, reconstitutes the blood-brain

barrier (BBB), prevents neuronal loss, and improves functional
outcomes.®™ Similarly, allopregnanolone, a major progesterone
metabolite, has been effective in mitigating the effects of secondary
injury through multiple pathways, leading some to believe that
progesterone’s beneficial effects are from its metabolites rather
than the molecule itself.'"?

To date, multiple clinical intervention studies evaluating the impact
of progesterone treatment have shown promise for it as a neuropro-
tective agent.”'> The Progesterone for the Treatment of Traumatic
Brain Injury trial is now in phase III, randomized, double-blind,
placebo-controlled testing based on earlier evidence of the potential
benefit of administering progesterone acutely after moderate brain
injury.® A large clinical trial conducted in China has shown similar
results and further revealed that patients receiving progesterone
treatment experience better outcomes for up to 6 months after injury.'
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Pre-clinical and clinical research has supported the use of
methylprednisolone as an acute neuroprotectant after acute spinal
cord injury (SCI)."*' Because inflammatory changes contribute
to neuronal damage, corticosteroids were thought to be beneficial
after TBI. Yet, results have been mixed. In the 1970s, following
reports of beneficial effects, the clinical use of corticosteroids after
brain injury became fairly widespread.'”"'® The literature suggested
that corticosteroids reduced intracranial pressure and, with it,
mortality.'”?° Although somewhat controversial, steroid supple-
mentation has been thought to augment peripheral system hemo-
dynamics and support some patients with acute adrenal
insufficiency in the face of critical illness.*!

Interestingly, additional clinical trials testing the protective ef-
fects of corticosteroids after TBI did not demonstrate a therapeutic
effect. The Corticosteroid Randomization after Significant Head
Injury trial was a randomized, placebo-controlled multicenter trial
designed to determine the effect of high-dose methylprednisolone
in 10,008 patients with TBI across 239 hospitals in 49 countries.**
This trial, however, was prematurely terminated because of unex-
pectedly higher mortality rates associated with the treatment arm,
results that led to the elimination of steroid use from current
treatment recommendations.

Progesterone is a hormone synthesized by the ovaries, placenta,
and adrenal glands, and like all steroid hormones, is synthesized
from cholesterol. Although classically considered a reproductive
hormone in women, progesterone is now classified as a neuro-
steroid, having a variety of important roles in the CNS.?*** Pro-
gesterone is also an indirect precursor of cortisol, a corticosteroid
produced primarily in the adrenal cortex in response to the secretion
of corticotropin-releasing hormone by the hypothalamus and sub-
sequent release of adrenocorticotropic hormone by the anterior
pituitary. Cortisol is widely recognized for its role in the stress
response and for its physiologic anti-inflammatory effects. Excess
cortisol, however, can have adverse effects on mood, cognition, and
neurodegeneration.>> 8 Interestingly, recent evidence supports the
presence of synthetic enzymes needed for steroid synthesis in
several human brain regions, including the hippocampus and
amygdala.”®" Although the exact function of these enzymes is
still being investigated, work reported to date indicates the possi-
bility of de novo synthesis of both progesterone and cortisol within
the human brain.*>

Despite what is known about hormones as neuroprotectants in
the preclinical literature and the interest they have garnered in
evaluating them as neuroprotectants in clinical populations, rela-
tively little is known about early endogenous steroid hormone
profiles in the periphery and their relationship to the central nervous
system (CNS). Previously, we have reported that acute hypogo-
nadotropic hypogonadism occurs among all patients with severe
TBI and that adrenal hormone production, in addition to peripheral
aromatization, are the primary contributors to residual serum hor-
mone levels (e.g., estradiol, testosterone, progesterone, cortisol)
during the first week post-injury.* Interestingly, estradiol and
testosterone levels in the periphery were not well correlated with
CSF levels.™

Acute CSF progesterone and cortisol profiles have not been re-
ported in the context of TBI, and their ability to discriminate out-
comes has not been evaluated. Thus, the purpose of this study was
to evaluate CSF progesterone and CSF cortisol profiles over the
first week after severe TBI, determine relationships between these
CSF profiles and concurrent serum profiles, and evaluate the sen-
sitivity of these profiles in discriminating outcomes. We hypothe-
sized that CSF cortisol levels would be elevated after TBI and be
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associated with adverse outcomes. As the synthetic precursor
needed for cortisol synthesis, yet mechanistically neuroprotective,
we hypothesized that CSF progesterone levels would also correlate
with CSF cortisol levels, but carry less direct discriminatory ca-
pacity in predicting long-term outcome.

Methods
Study design and subjects

This study was approved by the Institutional Review Board at
the University of Pittsburgh. We evaluated 130 adults with severe
TBI at our level 1 trauma center. Subjects were enrolled if they
were between the ages of 16 and 75, had a severe TBI based on an
admission Glasgow Coma Score (GCS) <8 with positive findings
on head computed tomography (CT), required an extraventricular
drainage (EVD) catheter for intracranial pressure (ICP) monitoring
and management, and had at least two CSF samples available for
analysis. A subset of 111 patients also had serum samples available
for analysis. Patients with penetrating head injury or with pro-
longed cardiac or respiratory arrest at injury were excluded from
the study. Patients were also excluded if they had a history of
pituitary or hypothalamic tumor, breast cancer necessitating che-
motherapy treatment/tamoxifen, prostate cancer necessitating
orchiectomy or luteinizing hormone suppression agents, or un-
treated thyroid disease.

While accurate information regarding hormone replacement
therapy and oral contraception therapy was not obtainable for most
women enrolled, women with TBI were not receiving hormone
replacement or oral contraceptive therapy during the sample col-
lection period. Further, subjects included in this cohort had to have
Glasgow Outcome Scale (GOS) data at 6 months post-injury. For a
variety of reasons (including loss to follow-up or refusal to com-
plete tests), however, not all surviving subjects in the primary co-
hort (N=130) were able to complete 12-month outcomes.
Therefore, a subset of subjects had a functional outcome measure at
12 months (n=111).

TBI subjects were admitted to the neurotrauma intensive care
unit to receive treatment consistent with The Guidelines for the
Management of Severe Head Injury.> This included initial place-
ment of an EVD, central venous catheter, and arterial catheter.
When clinically necessary, surgical intervention for decompression
of mass lesions was provided. Elevated ICP was treated in a step-
wise fashion to regain control and maintain the pressure within
normal parameters (<20 mm Hg), and cerebral perfusion pressure
(CPP) was maintained at >60 mmHg. If CPP remained low, then
mean arterial pressure (MAP) was supported with pressors or
inotropes to keep MAP >90 mm Hg. Temperature was monitored,
and a small subset of subjects received moderate hypothermia
(temperature 32.5-33.5°C for 48 hours) if they were enrolled in a
randomized controlled clinical trial evaluating hypothermia after
severe TBI. All subjects not receiving hypothermia were treated to
maintain a normothermic state. In total, 12 patients received hy-
pothermia, and 118 remained normothermic.

Thirteen subjects were also involved in the Citicoline Brain Injury
Treatment study, a randomized, double-blind, placebo-controlled,
multi-center trial studying 90 days of citicoline treatment on
functional outcome after TBL.*® Five subjects were randomly as-
signed to receive citicoline (1000 mg twice daily) and eight subjects
were assigned to receive placebo beginning 24 h after injury.

As a comparison group, 13 healthy adult control subjects were
separately enrolled, and samples were collected for CSF and serum
hormone measurement. Control subjects were between 18 and 70
years old and had no current or past history of brain injury, neu-
rological disease, or bleeding disorder. Women were excluded if
pregnant, taking oral contraceptives or hormone replacement
therapy at the time of injury, or had any history of reproductive or
endocrine disorder. Control subjects’ CSF was obtained via lumbar
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puncture for research purposes, and the procedure was not per-
formed as a part of another clinical workup. Serum samples were
collected during the same study visit. In addition, control women
were interviewed about their reproductive history and menopausal
status. Pre-menopausal women were sampled either in the follicular
phase (days 5-10) or the luteal phase (days 18-23) of their cycle.
For this study, there were six men and seven women in the healthy
control population. Two women were in the follicular phase, four
were in the luteal phase, and one woman was post-menopausal.
Men and women were grouped together for cortisol analysis. Only
men, women in the follicular phase, and post-menopausal women,
however, were included when comparing progesterone levels to the
TBI group.

Serum sample collection and measurements

Blood samples (n=538) were collected at approximately 7:00
AM daily for the first 6 days after injury. Fifty-nine subjects had at
least one sampling day when the blood sample was collected in the
evening (7:00 PM) in addition to, or instead of, the morning
sample. On collection, each sample was centrifuged, aliquoted
in polypropylene cryovials, and the serum was stored at —80°C
until the time of assay. For control subjects, blood was drawn at
approximately 7:00 AM, processed, and stored for later batch
analysis.

Serum cortisol and progesterone, in addition to CSF cortisol,
were measured using a radioimmunoassay with the Coat-A-Count®
In-vitro Diagnostic Test Kit (Siemens Healthcare Diagnostics Inc.,
Los Angeles, CA). Each kit was a solid-phase 125I radioimmu-
noassay designed for the direct, quantitative measurement of each
hormone in serum using 25 uL (cortisol) or 100 uL (progesterone)
sample aliquots. The interassay and intra-assay coefficients of
variation (CV) were less than 10% for these assays. Samples with
out of range (low) levels were assigned the detection limit of the
respective assay. Samples with levels that were undetectable were
assigned values of 0.001 for analysis purposes.

CSF sample collection and measurements

CSF samples (n=746) were collected passively via EVD. CSF
was collected up to 2 times daily (morning and evening) for up to 6
days after injury. After collection, the sample was stored at 4°C
until processing. CSF samples were then centrifuged, aliquoted,
and stored at —80°C until batch analysis. For control subjects, CSF
was collected at approximately 7:00 AM via a single lumbar
puncture, processed, and stored for later batch analysis.

Enzyme-linked immunosorbent assay (ELISA), (Salimetrics)
was used to measure CSF progesterone. The inter-ELISA and intra-
ELISA CVs were less than 10%. CSF samples were run in dupli-
cate, with the average value for each sample used in analysis.
Samples with out of range (low) levels were assigned the detection
limit of the respective assay. Samples with levels that were unde-
tectable were assigned values of 0.001.

Demographic and clinical injury variables

Independent variables included sex, age, body mass index
(BMI), GCS, injury severity score (ISS), hospital length of stay
(LOS), the number of acute care complications, mechanism of in-
jury, radiological injury type, hypothermia treatment, and citicoline
treatment. The best GCS score taken within 24 h of injury was
recorded. Injury type was abstracted from clinical head CT radi-
ology reports.

Outcome variables

Mortality during acute care hospitalization was determined by
medical record review and/or the Social Security Death Index
(http://ssdi.rootsweb.ancestry.com/). GOS, Disability Rating Scale
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(DRS) and the cognitive component of the functional independence
measure (FIM) (FIM-Cog) served as the primary outcome mea-
sures. GOS is a frequently used measure developed by Jennett and
Bond.?” GOS scores were assigned to TBI subjects at 6 months and
12 months after injury. The five categories of the scale are: dead (1),
vegetative (2), severely disabled (3), moderately disabled (4), and
good recovery (5). For the purposes of this study, GOS categories
were collapsed into 1 vs. 2/3 vs. 4/5.

The DRS, developed by Rappaport and associates,”® is a mea-
sure that rates persons on four categories: arousal and awareness,
cognitive ability to complete self-care functions, physical depen-
dence on others, and psychosocial adaptability for work, house-
work, and school. At 6 and 12 months post-injury, patients were
assigned a DRS score ranging from no disability (0) to dead (30).
For this study, subjects were separated into three groups based on
scores: 0-3 with partial to no disability (1), 4-14 with moderate or
severe disability (2) and 15-30 with extremely severe disability,
vegetative state, or dead (3).

The FIM is a well-established measure of functional indepen-
dence.*® The measure is routinely used during acute rehabilitation
as a reliable indicator of patient prog%ress and is also used to assess
long-term outcome after injury.***" This measure consists of 18
items composed of 13 motor tasks and 5 cognitive tasks. Each task
is rated on a 7-point ordinal scale ranging from complete depen-
dence to complete independence. For this study, the 5 cognitive
measures (FIM-Cog) were analyzed independently from the 13
motor measures (FIM-motor), and the sum of a subject’s scores for
the cognitive subscales was used for multivariate analysis. In ad-
dition, based on their FIM scores, subjects were dichotomized into
two groups for bivariate analysis: (1) independent/supervision and
2) mildly to totally dependent. Subjects receiving scores =5 on
every measure were assigned to the independent/supervision group.
A subject scoring <5 on any task was assigned to the mildly to
totally dependent group. This grouping is based on a previously
documented four level categorization of the FIM instrument.*?

Statistical analysis

Before analysis, multiple hormone values from the same day for
the same subject were averaged, leaving a total of 337 serum
hormone values and 504 CSF hormone values from the first 6 days
post-injury. At this point, nine outlier hormone values greater than
5 standard deviation outside of the mean were removed from the
data set before analysis. Each subject’s mean hormone value across
the 6-day sampling period was then calculated. In addition, the
daily mean hormone values for all subjects with TBI were calcu-
lated and compared with control levels. Statistical analyses were
performed using SPSS Version 20.0 (Chicago, IL) and SAS Ver-
sion 9.2 (Cary, NC).

Descriptive statistics, including mean, standard error of the
mean, and median were computed for all continuous variables.
Frequencies and percentages were determined for categorical var-
iables. Normality was assessed for all continuous variables using
the Kolmogorov-Smirnov test. An independent samples # test was
used when no violations of the normality assumption were ob-
served. Otherwise, a Mann Whitney test or Kruskal-Wallis test was
used, as appropriate. Chi-square, with the Fisher exact test when
appropriate, was used to determine associations between categor-
ical variables. Associations between continuous variables were
assessed using Pearson correlations. All tests were two tailed, with
significance set at o=0.05.

Group based trajectory analysis (TRAJ) was used to develop
temporal hormone profiles that delineate distinct subpopulations in
the cohort similar to that previously described.>***** TRAJ is a
specialized application of finite mixture modeling that assesses
patterns of change over time,*> and models were estimated using
the PROC TRAJ Macro®® for SAS software. The TRAJ procedure
uses a probability function to discern a set of trajectories that
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closely resemble one another. TRAJ assumes the existence of un-
observed (latent) subpopulations, and leverages the power of re-
peated sampling to relate temporal patterns. Using this approach,
TRAJ analyses can identify clusters of persons with similar CSF
hormone profiles across time. For multivariate analyses described
below, some TRAJ groups were combined for analysis.

We examined bivariate associations between demographic/
clinical variables and outcome variables to identify variables that
should be controlled for in the multivariate models. Multivariate
models were used to evaluate how biomarker trajectory group
membership affected GOS, DRS, and FIM-Cog scores at 6 and 12
months post-TBI. Because progesterone is a synthetic precursor to
other hormones like cortisol, structural equations modeling
(SEQM) was used to characterize CSF progesterone and cortisol
profiles simultaneously in relationship to each other and to out-
come, while adjusting for other relevant variables observed to be
significantly related to outcome in bivariate analysis (Fig. 1).

We have used this approach previously to examine steroid
hormone pathways in the context of acute TBL>* Clinical and de-
mographic variables having a p value <0.2 when compared with
outcomes in bivariate analyses were assessed in multivariate
SEQM models. Within each model, both direct and indirect (me-
diating) effects were assessed for progesterone. A p value<0.05
was considered statistically significant. Mean hormone values for
the entire time course were explored in multivariate analysis (data
not shown). Similar to other CSF biomarkers, however,44 TRAJ
based multivariate models were superior in predicting outcome,
and thus are reported in the results.

Results
Description of the cohort

The mean age of the cohort was 35.57 +1.36 years, with an age
range of 16-73 years and women representing 21% of the popu-
lation. The primary mechanism of injury among both men and
women was motor vehicle collisions (46%) followed by motorcycle
collisions (21%). The median GCS score for the cohort was 6.5, and
the mean ISS score was 33.98+0.85. The most common injury
types observed on CT scan were subarachnoid hemorrhage (74%)
and subdural hematoma (62%). This population had an average of
2.23+0.16 complications and a 23% acute care mortality rate. The
mean hospital LOS was 21.15+£0.961 days. The average BMI was
26.49+0.476.

Men in the cohort were, on average, significantly younger than
women (34.15+1.50 yrs vs. 41.00 £2.96 years; p <0.05). Men also

CORT AGE
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FIG. 1. Theoretical structural equations modeling figure de-
picting cerebrospinal fluid cortisol (cort) relationships with out-
come and direct and indirect effects of progesterone (prog) on
outcome via its relationship with cortisol. GCS, Glasgow Coma
Score.
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had more subdural hematomas than women (68.0% vs. 40.7%:;
p<0.05). There were not any sex differences, however, among
other radiographic injury types observed on acute care CT scan.
Motorcycle collisions were more likely to be the cause of injury
among men (25.2% vs. 3.7%; p <0.05). There were no sex differ-
ences observed for any of the other variables, including interven-
tional study participation, hormone levels, and outcome measures
at 6 and 12 months. At 6 months post-injury, 24.6% of the popu-
lation had a GOS score of 1, 40% had a GOS of 2 or 3, and 35.4%
had a GOS of 4 or 5. Control hormone values are outlined in
Table 1. In our control population (n=13), 53.8% were women, and
the average age was 34.88+14.53 years.

Mean hormone levels by day

Figures 2A,B illustrate mean CSF progesterone and cortisol
levels by day compared with healthy controls. Mean CSF proges-
terone levels were significantly higher than controls on day 0-1
(p<0.01) and day 2 (p<0.05), and then remained at control levels
for the remainder of the sampling period. Mean CSF cortisol levels
were higher than control values on all days sampled (p<0.01 all
comparisons).

Figures 2C,D illustrate mean serum progesterone and cortisol
levels by day compared with healthy controls. Serum progester-
one levels were significantly elevated compared with controls on
day 0-1 (p<0.01), then fell significantly below controls on days
4-5 (p<0.01) and day 6 (p<0.05). Mean serum cortisol levels
were elevated compared with controls on days 0-2 (p <0.01) and
day 3 (p<0.05), and then remained at or near control levels on
days 4-6.

CSF hormone trajectory profiles

There were three distinct TRAJ group profiles identified for CSF
progesterone (Fig. 3A): high, middle, and low groups. Progesterone
levels variably declined over time for each TRAJ group, and levels
for each group were significantly different from each other on days
0-5 post-TBI (p<0.01 all comparisons). Progesterone levels for
the high group were significantly higher than control levels on days

TABLE 1. CONTROL POPULATION DESCRIPTION

Mean cortisol levels +SE

CSF (ng/mL) Serum (ng/mlL)
Men (n=06) 4.3010.83 137.97 £23.65
Women (n=7) 4.67+0.36 130.73£14.45
All (n=13) *4.50+0.41 *134.07+12.84
Mean progesterone levels+SE
CSF Serum
(pg/mL) (ng/mlL)
Men (n=06) 28.85+14.06 0.821+0.12
Post-menopausal women (n=1) 21.40 0.574
Pre-menopausal women (n=6) 108.88+£39.31 9.50+4.02
Follicular phase (n=2) 16.95+8.75 0.76+0.16
Luteal phase (n=4) 154.85+41.69 13.87+4.61
Men + women not in #25.38+£9.36 *0.78+£0.09

luteal phase (n=9)

*Denotes control means used for analysis.
SE, standard error; CSF, cerebrospinal fluid.
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FIG. 2. (A) Daily mean cerebrospinal fluid (CSF) progesterone levels. Mean CSF progesterone levels were elevated compared with
controls on days 0-1 (p<0.01) and day 2 (p <0.05). (Solid line = control mean for men plus women in menopause or follicular phase of
their menstrual cycle.) (B) Daily mean CSF cortisol levels. Mean CSF cortisol levels were significantly elevated for subjects with
traumatic brain injury compared with controls on all days sampled (p <0.01). (Solid line = control mean for men plus women.) (C) Daily
mean serum progesterone levels. Mean serum progesterone levels were significantly elevated compared with controls on days 0-1
(p<0.01) and then fell significantly below controls on days 4-5 (p <0.01) and day 6 (p <0.05). (Solid line = control mean for men plus
women in menopause or follicular phase of their menstrual cycle.) (D) Daily mean serum cortisol levels. Mean serum cortisol levels
were elevated compared with controls on days 0-2 (p<0.01) and day 3 (p<0.05). (Solid line =control mean for men plus women.)

0-5 post-TBI (p<0.01, all comparisons). Progesterone levels for
the middle group were significantly higher than control levels only
on days 0-2 (p<0.01, all comparisons). Progesterone levels for the
low group were comparable to controls on days 0—1, but lower than
controls on days 2-3 (p<0.05, all comparisons) and days 4-5
(p<0.01, all comparisons).

There were also three distinct TRAJ group profiles identified for
CSF cortisol (Fig. 3B): high, middle, and low groups. The high and
middle groups had comparably elevated cortisol levels on day 0,
but levels for the high group remained consistently higher than the
other two groups throughout the remaining sampling period. Cor-
tisol levels for each TRAJ were significantly different from each
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FIG. 3. (A) Daily mean cerebrospinal fluid (CSF) progesterone levels for progesterone trajectory (TRAJ) groups compared with
healthy controls. TRAJ group progesterone levels were significantly different on days 0-5 (p <0.01). Progesterone levels for the high
group were significantly higher than control levels on days 0-5 post-TBI ( p <0.01, all comparisons). Progesterone levels for the middle
group were significantly higher than control levels only on days 0-2 (p <0.01, all comparisons). Progesterone levels for the low group
were comparable to controls on days 0—1, but lower than controls on days 2-3 (p <0.05, all comparisons) and days 4-5 ( p<0.01, all
comparisons). (Dotted line =control mean for men plus women in menopause or follicular phase of their menstrual cycle.) (B) Daily
mean CSF cortisol levels for cortisol TRAJ groups compared with healthy controls. TRAJ group cortisol levels were significantly
different on days 0-5 (p <0.01). Cortisol levels for the high and middle groups were significantly higher than control levels on days 0-6
(p<0.01, all comparisons), and cortisol levels for the low group were higher than controls on days 0-5 (p<0.01, all comparisons).
(Dotted line =control mean for men plus women.)
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(A) Daily mean cerebrospinal fluid (CSF) cortisol levels for progesterone trajectory (TRAJ) groups compared with healthy

controls. Progesterone TRAJ group cortisol levels were significantly different on days 0-5 (p<0.01). (Dotted line =control mean for
men plus women.) (B) Daily mean CSF progesterone levels for cortisol trajectory groups compared with healthy controls. Cortisol
TRAJ group progesterone levels were significantly different on days 0-5 (p <0.01). (Dotted line = control mean for men plus women in

menopause or follicular phase of their menstrual cycle.)

other on days 0-5 post-TBI (p <0.01). Cortisol levels for the high
and middle groups were significantly higher than control levels on
days 0-6 (p <0.01, all comparisons), and cortisol levels for the low
group were higher than controls on days 0-5 (p<0.01, all com-
parisons).

We graphed daily cortisol levels by progesterone TRAJ group to
evaluate the utility of using progesterone TRAJ to distinguish
differences in CSF cortisol levels. Figure 4A shows that CSF cor-
tisol levels were significantly different between groups on days 0-5
(p<0.01 all comparisons). CSF cortisol levels by progesterone
TRAJ group over time (Fig. 4A) resemble CSF cortisol levels by
cortisol TRAJ group over time (Fig. 3B), suggesting a dependence
of cortisol levels on progesterone substrate. The elevated cortisol
levels over time suggest that there is enough progesterone substrate
to support ongoing cortisol synthesis. Figure 4B shows that daily
mean CSF progesterone levels for each cortisol TRAJ group rap-
idly decline over time. Progesterone levels were significantly dif-
ferent between groups on days 0-5 (p<0.01 all comparisons).

Bivariate analyses: TRAJ associations with outcome

Table 2 summarizes cortisol and progesterone TRAJ associa-
tions with outcome at 6 and 12 months. Subjects grouped in the
middle and high cortisol TRAJ groups (groups 2 and 3) were more
likely to have worse GOS scores and worse DRS scores at 6 and
12 months (p <0.01 all comparisons). Subjects in the middle and
high cortisol TRAJ groups also had lower scores on the FIM-Cog at
6 and 12 months (p<0.01 all comparisons). Although bivariate
associations between progesterone TRAJ group and outcome were
not as strong, subjects grouped together in the middle and high
progesterone groups were more likely to have worse GOS scores
at 6 months (p <0.05) and lower scores on the FIM-Cog measure at
6 and 12 months (p <0.05 all comparisons).

Mean serum cortisol and progesterone comparisons with out-
come were not significant for any measure (Table 3A,B).

Bivariate analyses: Covariates by outcome

Age was significantly correlated with GOS and DRS at both 6
and 12 months, with younger subjects having a higher acute care
survival rate and better outcome scores (p <0.01 all comparisons).
Also, age was correlated with mean CSF cortisol (r=0.270,
p<0.01), serum cortisol (r=0.216, p <0.05), and CSF progesterone

(r=0.260, p<0.01). In addition, a shorter acute care hospital length
of stay was associated with better outcome on all measures except
for DRS at 6 months (p <0.01 all comparisons). A lower GCS was
associated with worse DRS scores (p<0.05) at both 6 and 12
months. Additional injury severity, injury mechanism, and injury
type covariate associations with 6 and 12 month outcomes are
provided in Table 3A,B. Hypothermia treatment and citicoline
treatment were not associated with any outcome in this cohort.

Multivariate analysis: Associations with outcome

Multivariate analysis suggests that, after adjusting for age and
GCS, middle and high CSF cortisol TRAJ group membership
tended to be associated with GOS scores at 6 months (p <0.09) and
significantly associated with GOS scores at 12 months (p <0.05),
where the TRAJ groups with higher CSF cortisol levels were
associated with increased risk for worse outcome (Table 4). Middle
and high CSF cortisol TRAJ group membership was also signifi-
cantly associated with worse DRS scores at 6 and 12 months
(p<0.05), as well as lower FIM-cog scores at 6 months (p<0.01)
and 12 months (p<0.05). In each of these multivariate models,
middle and high CSF progesterone TRAJ group membership was
significantly and highly associated with middle and high CSF
cortisol TRAJ group membership (p <0.001 all comparisons ex-
cept p <0.05 for FIM-Cog at 12 months. While progesterone TRAJ
group membership did not directly influence any outcome at either
the 6 or 12 month time points, progesterone TRAJ group mem-
bership did have a significant/trending indirect effect on outcome
for many of the measures at each of the time points via its effects on
cortisol TRAJ group membership (Table 4).

Hormone correlations

Table 5 shows intercompartment correlations between mean
hormone levels. Correlations between daily hormone values were
conducted, and relationships were similar to correlations with av-
eraged values (data not shown) Mean serum and CSF progesterone
levels were not significantly correlated among control subjects
(r=0.415, p=0.267). The correlation between serum and CSF
progesterone levels among TBI subjects, however, was significant
(r=0.734, p<0.01), suggesting that after TBI, the contribution of
peripheral progesterone to the CNS is substantial. Mean serum
and CSF cortisol levels after TBI were also strongly correlated
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3 S N o with each other (r=0.662, p<0.01). This relationship is in strik-
§ = @ 38 ing contrast to control levels, which displayed no correlation
o < < (r=-0.045; p=0.883), again suggesting that CSF cortisol after
o - TBI is largely derived from the periphery. Table 5 also shows
§ : aSF RGR Z intracompartment c'orrelations between hormones. CSF progester-
% ~ 5 @ g 8 ‘@/% };' one and CSF cortisol levels after TBI were strongly correlated
%oé %00 QQw : (r=0.682, p<0.01), whereas control levels were not correla.ted
< a (r=0.273; p=0.477). Serum progesterone and serum cortisol
were significantly correlated after TBI (r=0.534, p<0.01) and for
§ —~ controls (r=0.748; p<0.05).
¢ 33 238 3324
§ g § TTe ecd g Di .
g oE vv3 —wod iscussion
. i & « Consistent with our hypothesis, CSF cortisol levels were sig-
g § g - - o . nificantly and persistently elevated during the first week after TBI
| £ 3 S 2 8 g compared with healthy control values, and high CSF cortisol levels
8 W ; S SEES) 2z were associated with poor outcome across a range of multidimen-
= ";2 sional outcomes. Specifically, we found that CSF cortisol TRAJ
3 =7 ces cae @ g groups with cortisol concentrations higher than control values were
2 2 : vl s gf a o associated with worse outcome across multiple domains. TRAJ
) S § o - :'_/ g ;_/ L :’j group categorization models were more predictive of outcome than
o S AN - g 2 those where average week 1 hormone levels were explored (data
g gﬂ not shown). Similar elevations and effects on outcome have been
’;;: =~ 255 sas ‘5 2 reported in a variety of neurological conditions, including septic
ﬁ 2 8 u_v % ﬁ g 2 ﬂ ‘2 shock, bacterial meningitis, post-traumatic stress disorder, Alz-
m S é Soe =Z3IZ9 2 heimer disease, depression, and multiple sclerosis.*’ 2
é © N N o 9 This study further extends previous work®*** by systematically
E _qé attempting to elucidate the origins and implications behind en-
T § 2 =z Q é dogenous hormone profiles after TBI. This goal was accomplished
g N g g g -“é by identifying temporal CSF hormone profiles, investigating cor-
2 & = relations between serum and CSF hormone levels, and examining
2 % - 8 injury-specific relationships between CSF progesterone and corti-
E % ”N’,’ acs qacr d § sol levels. .
2 s 5 § 5 8 8 i + = Both serum and CSF cortisol levels as well as serum and CSF
= §o§ 0 o f\’t L%)" progesterone levels were strongly correlated after TBI relative to
E & & e aeTF < controls. This may be because of increased hormone transport from
@) = the periphery into the brain resulting from BBB disruption, which
EI § - ses oca 9 L; is known to occur shortly after TBI. Along with the expected
= g § ~ < Q ; % Q 8 ?l é:;o %nﬂamrgitgl(zal and stress. responses characterlstlg of this type of
= § é)og O dddvng 2 £ injury,” 77" a breach in the BBB may explain elevated CSF
<| Q| — — oy & hormone levels immediately after injury.
8 S|~ o 2 After the first few days post-injury, CSF progesterone levels
E § o — ;?: decline to normal levels whereas cortisol levels remain elevated.
N § ~§ § § 8 é These findings may be because of the different transport mecha-
@ o ; S S 3 % nisms that regulate cortisol and progesterone levels in the brain. In
S\ E addition to passive diffusion, cortisol transport is a highly regulated
E =7 50s s&ao S % process thaF involves specific transgort proteins. In. particular,
= 2 ‘: % o R :] ; [; A 3 overexpression of the transport protein, P-glycoprotein (Pgp) re-
é § e mem oo 2 sults in the active efflux of cortisol out of the brain through the
~ A A =S« 3 BBB, a process that is partly responsible for maintaining a healthy
3 CNS environment under physiological conditions.>>’ In fact,
- ~—— ~—_——_ S multiple studies have shown that Pgp inhibitors significantly in-
3 : Sr fn 2 3 £ 2 g g crease intracellular cortisol.”®> Thus, when Pgp expression or
5 § cce cogg e o activity is disturbed, perhaps by inflammation or other secondary
O & CIE a= g 8 injury cascades, deleterious amounts of cortisol may accumulate in
o the brain.%*¢!
~= g ? Intracerebral progesterone is much less influenced by Pgp ac-
s A S8 tl) g tivity.®? Instead, free progesterone can readily diffuse across the
= g g “3s 8 Eﬁ BBB.® The initially high CSF progesterone levels and the temporal
8 8 8 &) (Q &) - E‘ =z decline observed with CSF progesterone TRAJ likely reflect tem-
8 OO0 €anAn S T | poral changes in BBB permeability associated with severe TBI.
O s e Qe w3 = Similar temporal declines have been observed with other proteins
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TABLE 4. STRUCTURAL EQUATIONS MODELING
MULTIVARIATE ANALYSIS
Variable Standardized coefficients  p value
GOS at 6 months
Age 0.39 <0.001
GCS 0.24 0.002
Progesterone -0.03 0.733
Cortisol -0.15 0.088
Progesterone on cortisol 0.46 <0.001
Indirect effect -0.07 0.102
GOS at 12 months
Age 0.40 <0.001
GCS 0.19 0.029
Progesterone —-0.01 0.949
Cortisol -0.20 0.031
Progesterone on cortisol 0.37 <0.001
Indirect effect -0.07 0.056
DRS at 6 months
Age 0.34 <0.001
GCS -0.27 0.001
Progesterone 0.04 0.622
Cortisol 0.21 0.017
Progesterone on cortisol 0.45 <0.001
Indirect effect 0.09 0.027
DRS at 12 months
Age 0.34 <0.001
GCS -0.24 0.007
Progesterone -0.02 0.843
Cortisol 0.23 0.012
Progesterone on cortisol 0.35 0.001
Indirect effect 0.08 0.036
FIM-Cog at 6 months
Age —-0.01 0.932
GCS 0.23 0.029
Progesterone -0.07 0.535
Cortisol -0.34 0.002
Progesterone on cortisol 0.36 <0.001
Indirect effect 0.12 0.024
FIM-Cog at 12 months
Age -0.18 0.174
GCS 0.20 0.109
Progesterone 0.02 0911
Cortisol -0.26 0.035
Progesterone on cortisol 0.29 0.014
Indirect effect —-0.08 0.117

GOS, Glasgow Outcome Scale; GCS, Glasgow Coma Score; DRS,
Disability Rating Scale; FIM-Cog, functional independence measure-
cognitive.

(e.g., serum S100b) traditionally thought to be highly reflective of
BBB integrity.**

In addition to hormone transport kinetics and BBB permeability,
injury and inflammation may also reduce the ability of brain cells to
metabolize sterol molecules, as is noted in the context of menin-
gitis,*® perhaps leading to further sustained increases in CSF cor-
tisol in the setting of TBI. Moreover, because severe illness and/or
chronic stress greatly reduces corticosteroid-binding globulin
(CBG) production, there is an increased percentage of free cortisol
readily available to cross the BBB and enter the injured brain.*”%*
Similar changes in sex hormone binding globulin levels and bio-
available progesterone have not been studied in the context of TBI.

Traditionally, cortisol was thought to be synthesized exclusively
from peripheral sources— specifically, the adrenal gland. Recent

SANTARSIERI ET AL.

TABLE 5. HORMONE CORRELATIONS

TBI subjects
CSF Serum CSF
cortisol cortisol progesterone
CSF cortisol
Serum cortisol 0.662%%*
CSF progesterone 0.682%%* 0.629%%*
Serum progesterone 0.397%%* 0.534%*%* 0.734%%*
Control subjects
CSF Serum CSF
cortisol cortisol progesterone
CSF cortisol
Serum cortisol -0.045
CSF progesterone 0.273 0.602
Serum progesterone -0.412 0.748* 0.415

#p<0.05 level (two-tailed); **p<0.01 level (two-tailed).
TBI, traumatic brain injury; CSF, cerebrospinal fluid.

evidence, however, suggests that both cortisol and progesterone
may be synthesized de novo within the brain.®>®® The enzyme
11-hydroxysteroid dehydrogenase type 1 (115-HSD1) regener-
ates active glucocorticoids from the inert 11-keto forms and is
expressed in several organs, including the adult brain.®”*® The
enzyme P450scc is also found in the brain, and it mediates the
conversion of cholesterol to pregnenolone in glia, which can then
be converted to progesterone by 3-f-hydroxysteroid dehydroge-
nase (3-f—HSD),>* generating a neurosteroid with pleiotropic
actions physiologically and after TBL.%7! Studies have indicated
that CNS progesterone levels are transiently elevated in the rat
brain after TBI from increased local synthesis of progesterone.”>
In addition, upregulation of P450scc has been noted within the
spinal cord in response to pain.”® Elevations in endogenous pro-
gesterone in CSF may therefore represent the brain’s attempt to
activate its innate neuroprotective mechanisms; and, as previ-
ously noted, peripheral influx from transiently elevated, adrenally
derived serum progesterone levels®® may also contribute to this
observation.

Endogenous glucocorticoids such as cortisol have long been
recognized for their anti-inflammatory effects; however, emerging
evidence suggests that during acute brain injury, glucocorticoids
may actually exacerbate aspects of inflammation, leading to det-
rimental effects and damage.”* With some neurological insults,
such as trauma, stroke, and seizure, glucocorticoids can increase
cytokine activation, thereby exacerbating neurotoxicity and con-
tributing to neuronal loss, particularly of hippocampal neurons.”>”®
In fact, a “‘priming”’ effect has been noted whereby previous ex-
posure to stress or increased cortisol levels will cause an augmented
neuroinflammatory response on second insult.”””® Studies also
show that elevated cortisol levels impair synaptic plasticity and
cognition, decrease neurogenesis, and cause dendritic atrophy.”®*°
Glucocorticoids can act directly on myeloid cells to increase in-
flammation and may also indirectly increase inflammation by re-
ducing neurotrophin levels and decreasing expression of proteins
that control BBB patency.®'®? Other experimental studies suggest
that elevated glucocorticoid levels increase CNS glutamate release,
also contributing to neurotoxicity.®
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Interestingly, studies have shown that glucocorticoids can have
opposing context and time-dependent effects. Specifically, gluco-
corticoids may have transient anti-inflammatory effects, but as
levels remain chronically elevated, cytokine expression is in-
creased and the steroid’s effects become pro-inflammatory, as de-
scribed above.®! Further, evidence suggests that some elevation in
cortisol is needed during critical illness and trauma to maintain
physiological functions such as systemic blood pressure; however,
high-normal cortisol levels observed in critically ill patients may
not always imply that they are glucocorticoid sufficient in this re-
gard because cellular responses to glucocorticoids depend both on
the amount of hormone it is exposed to and the sensitivity of the
glucocorticoid receptor.®* Thus, it will be important to look at both
of these factors in future studies when assessing glucocorticoid
action. The complex interplay between prolonged cortisol eleva-
tions, like those observed in CSF after severe TBI, and inflamma-
tory cytokines may be a fruitful area of future study to begin to
determine the mechanistic consequences of prolonged excess en-
dogenous glucocorticoid exposure in the CNS after TBI.

It is also important to recognize that as a precursor to cortisol,
peripheral progesterone supplementation may have an effect
on endogenous CNS cortisol levels observed after brain injury.
As expected, serum cortisol and progesterone are significantly
correlated—a phenomenon that we have shown limits serum pro-
gesterone as a prognostic indicator for TBI outcomes.*® For this
study, we hypothesized that substrate utilization for cortisol pro-
duction would also limit the capacity of CSF progesterone to serve
as a prognostic outcome marker. Indeed, our SEQM models dem-
onstrate that progesterone’s relationships with outcome occur in-
directly via its relationship with cortisol. Also supporting this
finding is the significant association between CSF cortisol and se-
rum progesterone. This CSF hormone relationship is TBI specific,
however, suggesting further that BBB dynamics after TBI may
allow for significant amounts of peripherally derived progesterone
and cortisol to be present in CSF.

Interestingly, age was associated with both outcome and also
CSF progesterone and cortisol. Age is also known to augment en-
dogenous serum hormone profiles after TBL.*® Given that CSF
cortisol and progesterone profiles are significantly derived from
serum production, this association is not surprising. The finding,
however, suggests another mechanism by which older age may
contribute to secondary injury and poor outcome. Similar to pre-
vious work,** CSF and serum cortisol and progesterone were not
different based on sex, suggesting that normal hormone physiology
is disrupted after TBI.

The current findings, taken together with existing literature, may
help shed light on the possible reasons why previous glucocorticoid
trials have failed while ongoing progesterone trials are showing
significant promise. If it is true that endogenous cortisol accumu-
lates in the brain because of (1) disrupted transport mechanisms
involving efflux out of the brain, (2) an increase in unbound cortisol
available for transport through a disrupted BBB, (3) a decrease in
CSF cortisol metabolism, and (4) increased de novo synthesis of
cortisol in the CNS, then the administration of exogenous gluco-
corticoids may indeed be detrimental.

The administration of progesterone, on the other hand, may
provide benefits in multiple different ways. As previously noted,
progesterone is a potent reducer of inflammation, and its neuro-
protective effects have been well-established. Importantly, pro-
gesterone serves as a precursor for multiple other steroids, and it
may be through its metabolites that progesterone exerts its bene-
ficial effects. For example, allopregnanolone is rapidly gaining
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recognition as a potent neuroprotectant.'' Progesterone is also the
precursor for estradiol, which has been extensively characterized
for its neuroprotective qualities. While high serum estradiol lev-
els are associated with poor outcome after severe TBI and other
populations with significant trauma,* higher CSF estradiol/
testosterone ratios are linked to better outcomes and support the
neuroprotection hypothesis for estradiol.**

So while it is possible that supplemental progesterone may be
metabolized to cortisol and augment both peripheral and CNS
glucocorticoid levels, it is also possible that progesterone supple-
mentation may instead offset any potential negative effects of
augmented CNS cortisol with its pleiotropic neuroprotective ef-
fects in the CNS and conversion to other hormones with neuro-
protective qualities. In fact, it has been recently suggested that
progesterone secretion in astrocytes can protect them from corti-
costerone-induced damage in rats.®® Therefore, it appears that there
are multiple indirect pathways by which progesterone exerts its
beneficial effects, and it is possible that on administration, the
utilization, transport, and metabolism of progesterone may be un-
iquely tailored to each person’s complex biological environment
such that it serves multiple contextually dependent neuroprotective
roles.

While this study is novel in its presentation of CSF hormone
relationships, there are some limitations. We only measured total
hormone levels for each of the hormones evaluated in this study.
Some literature suggests that the biologically active free fraction of
cortisol and CBG concentrations change in response to acquired
brain injury without notable deviations outside of the reference
range for total hormone levels.®¢ Further, hormones were measured
in the CSF and not directly in the brain interstitial fluid. Studies
suggest, however, that CSF measurements are a suitable surrogate
for assessing free drug concentrations in the brain.®”~* Lastly, like
all observational studies, the findings may be subject to bias and
confounding effects.

Future directions include further exploration of the chronic ef-
fects of prolonged cortisol exposure, including depression and
hypogonadism. Acute cortisol associations with inflammation, glial
scarring, and post-traumatic epilepsy development could be studied
as potential mediators of these chronic effects. In addition, asses-
sing injury effects on synthetic/metabolic hormone enzyme activity
may be informative. Last, it may be of interest to consider genetic
studies for glucocorticoid receptors and Pgps as potential moder-
ators of cortisol effects in the CNS after injury.
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