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Abstract

Severe traumatic brain injury (TBI) activates a robust systemic response that involves inflammatory and other factors,
including estradiol (E2), associated with increased deaths. Tumor necrosis factor-alpha (TNFa) is a significant mediator of
systemic shock, and it is an extra-gonadal transcription factor for E2 production. The study objectives were to test the
hypotheses: (1) a positive feedback relationship exists between acute serum TNFa and E2; and (2) acute concentrations of
E2 and TNFo are prognostic indicators of death after severe TBI. This prospective cohort study included N =157 adults
with severe TBI. Serum samples were collected for the first five days post-injury. The TNFo« and E2 levels were averaged
into two time epochs: first 72h (T1) and second 72 h post-injury (T2). A cross-lag panel analysis conducted between T1
and T2 TNFa and E2 levels showed significant cross-lag effects: T1 TNFx and T1 E2 were related to T2 E2 and T2 TNFa,
respectively. Cox proportional hazards multi variable regression models determined that increases in T1 E2 (hazard ratio
[HR]=1.79, 95% confidence interval [CI]: 1.15, 2.81), but not T2 E2 (HR=0.91, 95% CI: 0.56, 1.47), were associated
with increased risk of death. Increased T2 TNFa (HR =2.47, 95% CI: 1.35, 4.53), and T1 TNFa (HR =1.47, 95% CI: 0.99,
2.19), to a lesser degree, were associated with increased risk of death. Relationships of death with T2 TNFo and T1 E2
were mediated partially by cardiovascular, hepatic, and renal dysfunction. Both E2 and TNF« are systemic, reciprocally
related biomarkers that may be indicative of systemic compromise and increased risk of death after severe TBI.

Keywords: estradiol; non-neurological organ dysfunction; systemic trauma complex; traumatic brain injury; tumor necrosis
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Introduction

SEVERE TRAUMATIC BRAIN INJURY (TBI) constitutes a major
global public health and economic burden. Individuals with
severe TBI have an increased risk for premature death,' and
survivors often live with chronic injury-related disabilities.* The
financial burden of TBI in the United States is estimated at more
than $60 billion per year.” There have been tremendous efforts over
the last several decades to identify acute neuroprotective treatments
for TBI populations. Despite some progress in clinical care, mor-
tality rates for severe TBI are largely unchanged over the last de-
cade.%’ There are also still no treatments that have received a Level
I recommendation for efficacy in the recent 4th edition TBI
Guidelines,® and no treatments have been approved by the Food and
Drug Administration after Phase III trials.

Several large clinical trials involving TBI populations have ex-
amined the efficacy of pharmacological dosing of agents, including
corticosteroids and progesterone, which target inflammation®!'°
and hormone physiology.'"'? These trials, however,”'? were
ineffective or were halted prematurely because of observed harm
in the treatment arm.'® Unsuccessful clinical trials have occurred
despite pre-clinical TBI studies that have demonstrated the effi-
cacy of exogenous progesterone'>'* and anti-inflammatory'>~"”
therapies as neuroprotective agents.

Data from observational cohort studies, however, have revealed
the deleterious effects of excessive peripheral hormone levels'® and
acute inflammation.'®! Interestingly, observational studies have
suggested that neuroimmune and neuroendocrine networks are
highly interconnected, and the regulatory connection between the
two systems is associated with recovery after severe TBL.?* Little is
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understood about neuroendocrine-immune communication in the
context of the systemic response to TBI and its associated trauma
complex. The failure of previous TBI clinical trials now invites
further study within an intriguing line of research involving sys-
temic hormone and inflammatory physiology after TBI and its po-
tential impacts on systemic compromise in the context of outcome.

Tumor necrosis factor-alpha (TNFo«) and estradiol (E2) are
inflammatory and endocrine markers, respectively, that are ele-
vated acutely in serum after severe TBI**~?> and associated with
morbidity®® and death.'®?” These markers are relevant to post-
TBI homeostatic disturbance. After moderate-to-severe TBI,
hypothalamic-pituitary-gonadotrophic (HPG) axis production of
sex hormones are suppressed, with reduced luteinizing hormone
(LH) and follicle stimulating hormone (FSH) noted in the setting
of variable extragonadal sex hormone production, including E2.'®

The autonomic nervous system (ANS) is triggered in response to
trauma, which drives the sympathetic nervous system (SNS) to
initiate an acute phase response that leads to peripheral TNFu
production.?®*° TNFu is the body’s major mediator between septic
shock and secondary systemic inflammatory response syndrome.”'
In the context of injury or critical illness, regulated TNFo release is
physiologically supportive for healing; however, uncontrolled
TNFa production can facilitate the development of systemic shock,
non-neurological organ dysfunction (NNOD), and death.**

Observed elevations in TNFx and E2 in the setting of TBI are
likely not independent phenomena; E2 is produced by the con-
version of androgens via the aromatase gene,”> and TNFu is a
tissue-specific transcription factor for the aromatase gene in adi-
pose tissue.**=° Increasing E2 production acutely creates a posi-
tive response that contributes to exaggerated levels of inflammation
through its effects on reuptake inhibition of norepinephrine in
lymphoid tissues.*™*' Evidence of this positive-feedback rela-
tionship suggests that excessive E2 in the periphery is both a cause
and consequence of excessive peripheral TNFo; however, this
hypothesis has not been tested specifically in prior clinical TBI
studies.
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A positive feedback loop between TNFa and E2 could account,
in some part, for the observed increased risk of death that occurs
among individuals with elevated concentrations of these markers.
Thus, the primary objective of the present study was to test the
hypothesis of a positive temporal feedback relationship between
serum TNFo and E2 during the acute period after severe TBI using
a cross-lag panel model. Secondary objectives were to test the
prognostic effects of acute serum TNFo and E2 levels on risk of
death in the first six months after severe TBI and to evaluate the role
of systemic non-neurological compromise across multiple systems,
in mediating this relationship.

Understanding evolving, reciprocal relationships between acute
serum TNFu« and E2 may reveal how inflammatory and endocrine
levels are relevant to survival after severe TBI. Identifying the
prognostic capacity of these biomarkers for risk of death has im-
portant implications for identifying individuals who may (or may
not) benefit from acute neuroprotective clinical interventions.

Methods

This study was approved by the Institutional Review Board for
the University of Pittsburgh. The present report is a prospective
observational cohort study that includes n=157 adults with severe
TBI, with injury dates from May 2004 to March 2011, with
available E2 and TNFo data as summarized in Figure 1. Eligible
participants were between 16 and 70 years old, had an initial
Glasgow Coma Scale (GCS) score of 8 or less, and had intracranial
pathology present on a computed tomography (CT) scan. Patients
with TBI were excluded if they had a history of cancer or untreated
thyroid disease.

Next-of-kin were approached for consent as patients were unable
to self-consent. Patients with severe TBI received care consistent
with the TBI Guidelines for the Management of Severe Head In-
jury,® which included placement of an extraventricular device for
intracranial pressure monitoring, central venous and arterial cath-
eter placement, and neurosurgical intervention for the decom-
pression of mass lesions.

Individuals with
TNFa Data
N=164

Individuals with
Estradiol (E2) Data
N=242

~

Individuals with TNFa &
E2 Data at T1 or T2

N=157

/\

SEM Analysis
N=82

Cox Regression

(Age and clinical covariate adjusted)

T1N=135
T2 N=110

y

Cox Regression (Fully Adjusted)

T1 N=111
T2 N=89

FIG. 1.

Flow diagram of analytic sample. TNFo, tumor necrosis factor alpha; E2, estradiol; SEM, standard error of the mean.
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Serum sample processing

Eligible and consented participants underwent blood sample col-
lection daily for the first five days after injury. Blood sample col-
lections were performed at 7:00 AM on most mornings, unless there
was a direct conflict with clinical care. In instances where it was not
possible to collect a morning blood sample, a sample was gathered at
7:00 pMm. For some participants, it was not possible to obtain a blood
sample each day. After serum collection, samples were centrifuged,
aliquoted, and stored at -80°C until assay completion.

Serum samples were assayed for E2 using radioimmunoassay
with Coat-A-Count® In-vitro Diagnostic Test Kit (Siemens
Healthcare Dia§n0stics Inc. Los Angeles, CA). The E2 was mea-
sured using a '*°I radioimmunoassay using 100 uL sample aliquots.
Serum sample measurements for TNFo were completed using a
Luminex™ bead array assay (Millipore, Billerica, MA; catalog
number HSCYTO-60SK). The minimum detectable limit for TNFo
was 0.05 pg/mL. The TNFu levels were scaled utilizing concen-
tration standards and quality controls before the analysis because of
observed variability across plates. The interassay and intraassay
coefficients of variation were <10% for both the hormone and in-
flammatory assays.

E2 and TNFo. classification: acute response

Both E2 and TNFo were grouped into two epochs: time 1 (T1)
and time 2 (T2); T1 consisted of data averaged over the first 72h
after injury, and T2 consisted of data averaged over the second 72 h
after injury. Because individuals had missing values at various time
points in the first week because of clinical care requirements, it was
not possible to conduct analyses using daily levels.

Aromatase genetics: rs2470152

Deoxyribonucleic acid (DNA) was extracted from participants’
whole-blood samples before transfusion. Blood samples were
centrifuged to retrieve the buffy coat. DNA was extracted using a
salting out procedure.*> The single nucleotide polymorphism
(SNP) rs2470152 was genotyped as part of a larger genomic
analysis of the aromatase gene (CYP19A1) that included four
functional SNPs and 18 tagging SNPs. A primary article examining
the effects of aromatase genetics, and the impact of rs2470152
genotype on cerebrospinal fluid (CSF) E2 levels and TBI outcomes
was published previously.™

Clinical and demographic variables

Clinical and demographic variables collected in this study in-
cluded: age, sex, race, best 24-h GCS score, Injury Severity Score
(ISS), non-head ISS, mechanism of injury, and injury type based
on review of available CT scans obtained during acute care. The
GCS is a functional measure of TBI injury severity, made up of
three components: motor responsiveness, verbal performance,
and eye opening.”" Scores range from 3 to 15, with lower scores
corresponding to more severe injuries; however, for the present
study, only individuals with an initial GCS score between 3 and 8
were included. The best GCS score in the first 24 h was utilized for
analysis purposes, because initial GCS values can often be con-
founded by paralytics and sedatives at initial hospital presentation
with severe TBI.

The ISS is an anatomical trauma scoring scale that is a function
of the three most severely injured body systems from the Abbre-
viated Injury Scale (AIS).** Also, a non-head ISS was recalculated
after removing the head-neck body region. Presence of abdominal,
extremity, and thoracic (or chest) injuries was derived from AIS
region scores =1 for the respective regions. Maximum head and
neck AIS was included as the highest severity AIS score for a
participant’s coded head-neck injuries. Presence of splenic injury
was derived using International Classification of Diseases injury
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codes version 9 (ICD-9) code *“865.”” The CT injury types included
subdural hematoma (SDH), subarachnoid hemorrhage (SAH), in-
traventricular hemorrhage (IVH), epidural hematoma (EDH), dif-
fuse axonal injury (DAI), contusion, or other.

Primary outcome: death

The primary outcome for this study was time until death. When
applicable, these data were extracted from the Social Security
Death Index. Death dates were subtracted from the date of the
incident TBI to calculate a time until death in days. The data were
right censored at 6 months post-injury.

Secondary outcome: non-neurological
organ dysfunction

Cardiovascular (CV), hematological, renal, hepatic, and respi-
ratory dysfunction, common NNOD components, were assessed as
a secondary outcome and as possible mediators between the rela-
tionships of E2 and TNFo with 6-month death, respectively. Dys-
function in each system was categorized beginning at least 72h
post-injury, after T1. Common definitions using a modified version
of the Sequential Organ Failure Assessment (SOFA)*® were eval-
uated using laboratory and physiological monitoring values that
were available readily in clinical charts for individuals with
available data for two or more days. The NNOD system definitions
adopted for this analysis and associated literature sources are pro-
vided in Table 1.

Statistical analysis

Demographic and clinical patient characteristics at the time of TBI
were examined by E2 and TNF« level at T1 and at T2, divided at the
median, and by six-month mortality status. Categorical variables
were compared using a chi-square test, and continuous variables were
compared using a two-sample 7 test or a Mann Whitney U test, where
appropriate. Biomarkers were treated continuously for the primary
analysis but were divided at the median level only for purposes of
presenting grouped data. The distributions of E2 and TNFax were
assessed, and log transformations were applied where appropriate.

The primary objective of this study was to identify evidence of a
positive temporal feedback relationship between TNFa and E2.
A cross-lagged panel model was used to assess reciprocal rela-
tionships between E2 and TNFo at T1 and T2 in the first week after
TBI, described using the two equations below:

TABLE 1. DEFINITIONS OF NON-NEUROLOGIC
ORGAN DYSFUNCTION

Organ system Dysfunction criteria

Renal Creatinine levels >1.2 mg/dL
Hematologic Platelets <150 10%/mm?
Respiratory Ratio of PaO,/FiO, <400

Hepatic Total bilirubin levels =1.2 mg/dL
Cardiovascular Mean arterial pressure <70 mm Hg

OR

Administration of vasopressors/inotropes,
evidenced by physician note or pharmacy
order independent of surgery and not
in conjunction with anesthetic

To qualify as meeting threshold for ‘“‘dysfunction” for any system,
biomarker thresholds must have been met for at least two consecutive days
of clinically available data (beginning on day 3 through day 15).

Definitions of dysfunction are modified from existing Sequential Organ
Failure Assessment criteria.*®



ACUTE E2 AND TNFA AFTER SEVERE TBI

E22 = ﬁl *E21 + ﬁ2*TNFOCI + ﬁnCn

TNFao, = f3#TNFo; + f,+E2; + $,Cy

In these models, the subscripts 1 and 2 represent two time in-
tervals, and C represents a matrix of relevant confounders. The
corresponding beta coefficients (i.e., §; to f4) represent the dif-
ferent paths in the cross-lag panel, as shown conceptually in
Figure 2.

In this panel, f§; and f3; represent the effect of a variable on
itself at a later time epoch, known as autoregressive effects. The
autoregressive effects represent the stability of individual differ-
ences in a variable over time.*’ The coefficients f8, and f4 rep-
resent the cross-lag effects, or the relationship between a single
variable at one time epoch on another variable at a later time.*’
Crucially, cross-lag effects are estimated adjusting for the previ-
ous level of each variable itself. For example, the estimated as-
sociation of TNFax at T1 on E2 at T2 is independent of the effect of
E2 at T1 on E2 at T2. The residual covariance of E2 and TNFu at
the same cross-sectional time point was also estimated; this rep-
resents the correlation between the errors; that is, the differences
between the observed values and the predicted values from the
fitted cross-lag model.

We aimed to determine the association between E2 and TNF« on
mortality risk in the first six months post-TBI. Time until death was
right censored at six months post-TBI. Separate Cox proportional
hazards regression models were created for T1 biomarkers and for
T2 biomarkers. Variables associated at a p < 0.20 threshold with E2
or TNF or with six-month death were considered potential con-
founders and were included as covariates in the cross-lag panel and
Cox regression models.

The covariates included in the cross-lag model were: age, GCS,
contusion, DAI, SDH, and rs2470152 genotype. For the Cox re-
gression models, a series of four hierarchical models were created:
model 1 (unadjusted), model 2 (adjusted for age only), model 3
(adjusted for age, GCS, non-head ISS CT abnormalities: contusion,
SDH, and DAI), and model 4 (adjusted for age, GCS, CT abnor-
malities: contusion, SDH, and DAI, and rs2470152 genotype). The
Harrell Concordance Statistic, a measure for model fit for Cox
regression,*® was reported for all models.

To assess whether dysfunction across each of the five NNOD
domains (CV, hematological, renal, hepatic, and pulmonary dys-
function) mediates biomarker-death associations, we conducted a
series of mediation analyses following processes outlined by Baron
and Kenny*® and by Mackinnon and Dwyer.?>**! We also tested
the total count of NNOD domains with dysfunction as a mediator.
These mediation models tested and estimated the age and sex ad-

mnmﬁ:

E2: Timeepochl f——on fl— | E2: Time epoch 2

covT2(E2, TNFa)

TNFa: Time epoch 1 f3- TNFa: Time epoch 2

\J

FIG. 2. A conceptual representation of the cross-lag panel
design. 1 and f83 represent autoregressive effects, or the asso-
ciation of a single variable over time. 2 and /4 represent cross-
lag effects, or the association of one variable at an earlier time
with the other variable at the second time point, after adjustment
for autoregressive paths. E2, estradiol; TNFa, tumor necrosis
factor alpha.
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justed associations between T1 and T2 E2 and TNF« and six-month
death with (direct effect) and without (total effect) adjustment for
each NNOD domain, and total count of NNOD domains.

We used multi-variable logistic regression for all binary out-
come paths (each NNOD domain and six-month death), and a
negative binomial model for total count of NNOD domain. We
calculated the total mediation percentage for regression paths using
the Y-standardization, a method proposed by Rijinhard and col-
leagues.”®> We reported the mediation percentage in instances
where the total effect was significant and greater than the direct
effect. If the confidence interval of the direct effect overlapped 1,
then the mediator was considered a full mediator; otherwise, the
relationship was considered a partial mediator. Statistical analyses
were performed using Stata 15°> and SAS 9.4.>*

Results
Clinical and demographic variables by E2 and TNFu

Clinical and demographic variables were compared by E2 level
at T1 and at T2 (Table 2) and by TNFa at T1 and at T2 (Table 3).
Median E2 was 60.0 pg/mL at T1 and 35.6 pg/mL at T2. Median
TNFo was 7.7 pg/mL at T1 and 8.5 pg/mL at T2. Patients with high
E2 at T2 were older (p=0.023). Individuals with high TNFx at T1
had significantly greater non-head ISS (p=0.006). At both time
points, a significantly higher proportion of individuals with high E2
had thoracic injuries and had cortical contusions (p <0.05). In-
dividuals with high TNF« had a higher likelihood of having ab-
dominal injuries (p=0.035). Finally, high E2 was associated with
rs2470152 genotype at T1 (p=0.028) and at T2 (p=0.053). Spe-
cifically, participants with high E2 more often had the TC genotype.

Clinical and demographic variables by mortality status

The clinical and demographic variables by six-month mortality
status are provided in Table 4. The average age for non-survivors
was significantly higher than for survivors (p=< 0.001). Non-
survivors had lower GCS scores compared with survivors
(p=0.028). There also was a significant difference between sur-
vivors and non-survivors with respect to mechanism of injury
(p=<0.001). Non-survivors more often had contusion (p=0.007)
and SDH (p=0.092), and survivors were more likely to have DAI
(p=0.004). There was a trend between rs2470152 genotype and
mortality status (p=0.099), wherein non-survivors had a greater
likelihood of having the TC genotype.

Cross-lagged panel model

E2 and TNF« were log transformed at T1 and T2 to account for
right skewedness. The cross-lagged panel is depicted in Figure 3
focusing on primary paths between E2 and TNFo at T1 to T2. The
autoregressive path between E2 at T1 and E2 at T2 was statistically
significant (f=0.901, p=<0.001), after adjustment for covariates.
Likewise, the autoregressive path between TNFa at T1 and TNFo at
T2 was significant (f=0.602, p=< 0.001), after adjustment for
covariates. The significance of the autoregressive paths indicates
stability in the same variable with time.

The cross-lag path between E2 at T1 and TNF« at T2 was sta-
tistically significant (f=0.227, p=0.002), as was the path between
TNFax at T1 and E2 at T2 (f=0.236, p=0.018). The significance of
both cross-lag paths indicates an independent relationship, with
similar effect sizes, between the two variables over time. The re-
sidual covariance between E2 and TNF« at T1 was not significant
(cov=0.016, p=0.814) and was significant at T2 (cov=0.088,
p=0.029).
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TABLE 2. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS IN TRAUMATIC BRAIN INJURY COHORT BY T1 AND T2 ESTRADIOL

T1 Epoch T2 Epoch
E2 Above E2 Below E2 Above E2 Below

Variables Median (n=75) Median (n=74) p Median (n=61) Median (n=62) P
Age (mean, SE) 41.71 (2.06) 36.40 (1.69) 0.119 41.54 (2.16) 34.95 (1.99) 0.023%*
Sex (men, %) 57 (79.17) 58 (81.69) 0.704 47 (77.05) 50 (80.65) 0.625
Race, (n, %) 0.982 0.299

White 68 (93.15) 69 (93.24) 58 (95.08) 55 (90.16)

Black 5 (6.85) 5 (6.76) 3(4.92) 6 (9.84)
Best in 24 h GCS (Median, IQR) 7 (6-7) 7 (6-8) 0.105 7 (5-8) 7 (6-8) 0.438
Maximum head AIS, (n, %) 0.3591 0.5274

2 0 (0.00) 1(1.37) 0 (0.00) 1(1.67)

3 4 (5.41) 1(1.37) 3(4.92) 1(1.67)

4 13 (17.57) 17 (23.29) 12 (19.67) 10 (16.67)

5 56 (75.68) 54 (73.97) 46 (75.41) 47 (78.33)

6 1 (1.35) 0 (0.00) 0 (0.00) 1(1.67)
ISS (Mean, SE) 34.81 (1.23) 32.55 (1.18) 0.255 35.39 (1.31) 33.02 (1.35) 0.184
Non-head ISS (Mean, SE) 13.98 (1.35) 12.29 (1.29) 0.266 14.62 (1.45) 11.73 (1.30) 0.134
Length of hospital stay (Mean, SE)  18.79 (1.53) 21.77 (1.48) 0.106 19.62 (1.57) 24.42 (1.72) 0.069
Mechanism of injury, (n, %) 0.827 0.443

MVA 32 (46.38) 37 (50.00) 26 (44.07) 31 (52.54)

Motorcycle 15 (21.74) 14 (18.92) 16 (27.12) 9 (15.25)

Fall 15 (21.74) 13 (17.57) 11 (18.64) 11 (18.64)

Other 7 (10.14) 10 (13.51) 6 (10.17) 8 (13.56)
CT injury type, (n, %)

SDH 48 (64.86) 49 (66.22) 0.863 39 (62.90) 38 (62.30) 0.944

SAH 54 (72.97) 46 (62.16) 0.160 48 (78.69) 39 (62.90) 0.054

IVH 17 (22.97) 24 (32.43) 0.199 15 (24.59) 21 (33.87) 0.258

EDH 11 (14.86) 8 (10.81) 0.461 8 (13.11) 7 (11.29) 0.757

DAI 17 (22.97) 26 (35.14) 0.103 15 (24.59) 23 (37.10) 0.133

Contusion 35 (47.30) 23 (31.08) 0.043* 32 (52.46) 20 (32.26) 0.023*
Splenic injury, (n, %) 11 (14.67) 4 (5.41) 0.060 9 (14.75) 5 (8.06) 0.243
Abdominal injury, (n, %) 22 (34.92) 28 (40.00) 0.546 23 (41.82) 20 (35.71) 0.509
Thoracic injury, (n, %) 25 (39.68) 13 (18.57) 0.007* 25 (45.45) 10 (17.86) 0.002*
Extremity injury, (n, %) 44 (59.46%) 44 (59.46%)  1.000 33 (54.10%) 36 (59.02%)  0.583
RS2470152 genotype, (n, %) 0.028%* 0.053

CC 11 (18.33) 22 (37.29) 13 (25.00) 12 (25.00)

TC 36 (60.00) 22 (37.29) 30 (57.69) 18 (37.50)

TT 13 (21.67) 15 (25.42) 9 (17.31) 18 (37.50)

E2, estradiol; SE, standard error; GCS, Glasgow Coma Scale; IQR, interquartile range; AIS, Abbreviated Injury Scale; ISS, Injury Severity Score;
MVA, motor vehicle accident; SDH, subdural hematoma; SAH, subarachnoid hemorrhage; IVH, intraventricular hemorrhage; EDH, epidural hematoma;

DAL, diffuse axonal injury. *indicates statistically significant at o=0.05.

E2 T1 median: 60.00 pg/mL (n=38 missing at T1); T2 median: 35.58 pg/mL (n =34 missing at T2).

Survival analysis

Time until death ranged from two to 159 days post-injury.
A total of 48 individuals (30.6%) died within six months of injury
(45 died during their acute hospital stay, and three died after acute
discharge). The unadjusted and covariate-adjusted Cox propor-
tional hazards model for E2 and TNFo at T1 and at T2 is provided in
Tables 5a and 5b, respectively. At T1, E2 was significantly asso-
ciated with mortality risk, such that each unit increase in In(E2) was
associated with an 79% higher mortality risk, after adjustment for
covariates (aHR [hazard ratio]=1.79, 95% confidence interval
[CI]: 1.15,2.81). The E2 level at T2 was not significantly associated
with mortality risk (aHR =0.91, 95% CI: 0.56, 1.47; p=0.691).

At T1, a one unit increase in In(TNFx) was associated with a
47% increased mortality risk (aHR=1.47, 95% CI: 0.99, 2.19;
p=0.056), but this relationship did not reach statistical signifi-
cance. In contrast, the TNFu level at T2 was significantly asso-

ciated with mortality risk, such that one unit increase in In(TNFo)
was associated with a nearly 2.5 times higher mortality risk
(aHR=2.47, 95% CI: 1.35, 4.53; p=0.003).

The Harrel Concordance Statistic for the unadjusted E2 and
TNFo models at T1 and at T2 were 0.707 and 0.696, respectively,
indicating moderately strong model discrimination. Adjusting for
age improved model fit to 0.790 and 0.756, respectively. Adding
clinical variables (GCS, non-head ISS, and CT abnormalities) in-
creased the model fit to 0.835 and 0.804, respectively. The fully
adjusted model, adding rs2470152 genotype, had a model fit at T1
and T2 of 0.834, and 0.819, respectively, indicating moderately
strong model discrimination overall for death.

Organ dysfunction analysis

The rates of dysfunction for each system were as follows: CV
(51.9%), hematological (44.9%), renal (15.5%), hepatic (10.3%),
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TABLE 3. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS IN TRAUMATIC BRAIN INJURY COHORT
By T1 AND T2 TumoR NECROSIS FACTOR ALPHA
T1 Epoch T2 Epoch
Above TNFo. Below TNFo Above TNFo. Below

Variables Median (n=72) Median (n=71) p Median (n=62) Median (n=62) p
Age (Mean, SE) 41.92 (2.08) 36.77 (1.81) 0.099 38.23 (2.00) 36.98 (2.05) 0.631
Sex (men, %) 57 (79.17) 58 (81.69) 0.704 50 (80.65) 50 (80.65) 0.999
Race, (n, %) 0.074 0.079

White 70 (97.22) 63 (90.00) 60 (96.77) 54 (88.52)

Black 2 (2.78) 7 (10.00) 2 (3.23) 7 (11.48)
Best in 24 h GCS (Median, IQR) 7 (5-8) 7 (6-8) 0.149 7 (6-8) 7 (6-8) 0.483
Maximum head AIS, (n, %) 0.6470 0.5507

2 0 (0.00) 1(1.43) 0 (0.00) 1(1.64)

3 3 (4.23) 2 (2.86) 3(4.92) 1(1.64)

4 13 (18.31) 15 (21.43) 11 (18.03) 11 (18.03)

5 55 (77.46) 51 (72.86) 46 (75.41) 48 (78.69)

6 0 (0.00) 1(1.43) 1 (1.64) 0 (0.00)
ISS (Mean, SE) 35.42 (1.18) 31.65 (1.27) 0.069 34.73 (1.43) 33.25 (1.25) 0.639
Non-head ISS (Mean, SE) 15.48 (1.39) 10.60 (1.26) 0.006* 14.16 (1.50) 11.27 (1.30) 0.181
Length of hospital stay (Mean, SE) 19.36 (1.52) 20.71 (1.55) 0.460 21.55 (1.74) 21.42 (1.58) 0.828
Mechanism of injury, (n, %) 0.878 0.827

MVA 29 (42.65) 34 (48.57) 29 (49.15) 28 (27.46)

Motorcycle 16 (23.53) 13 (18.57) 13 (22.03) 13 (22.03)

Fall 15 (22.06) 15 (21.43) 12 (20.34) 10 (16.95)

Other 8 (11.76) 8 (11.43) 5 (8.47) 8 (13.56)
CT injury type, (n, %)

SDH 45 (63.38) 50 (70.42) 0.373 43 (69.35) 34 (54.84) 0.096

SAH 53 (74.65) 45 (63.38) 0.147 49 (79.03) 38 (61.29) 0.031

IVH 18 (25.35) 21 (29.58) 0.573 21 (33.87) 15 (24.19) 0.235

EDH 11 (15.49) 7 (9.86) 0.313 6 (9.68) 8 (12.90) 0.570

DAI 20 (28.17) 19 (26.76) 0.851 15 (24.19) 25 (40.32) 0.055

Contusion 31 (43.66) 27 (38.03) 0.495 30 (48.39) 21 (33.87) 0.100
Splenic injury, (n, %) 8 (11.11) 5 (7.04) 0.397 8 (12.90) 4 (6.45) 0.224
Abdominal injury, (n, %) 28 (45.16) 18 (27.27) 0.035%* 24 (42.11) 18 (33.96) 0.380
Thoracic injury, (n, %) 22 (35.48) 15 (22.73) 0.112 22 (38.60) 11 (20.75) 0.041%*
Extremity injury, (n, %) 37 (52.11) 50 (70.42) 0.025%* 36 (58.006) 37 (60.66) 0.770

o, tumor necrosis factor alpha; SE, standard error; GCS, Glasgow Coma Scale; IQR, interquartile range; AIS, Abbreviated Injury Scale; ISS, Injury
Severity Score; MVA, motor vehicle accident; SDH, subdural hematoma; SAH, subarachnoid hemorrhage; IVH, intraventricular hemorrhage; EDH,
epidural hematoma; DAI, diffuse axonal injury. *indicates statistically significant at o =0.05.

o T1 median: 2.04 pg/mL (n=14 missing); T2 median: 2.14 pg/mL (n=33 missing).

and respiratory (84.4%). The mortality rates for each dysfunction
were as follows: CV (42.3%), hematology (34.0%), renal (61.1%),
hepatic (53.9%), and respiratory (31.5%).

The mediation analysis regression models are adjusted for age and
sex and are summarized in Tables 6a and 6b. The CV dysfunction was
a partial mediator of the effects of T1 E2 (mediation percent-
age=19.9%) and T2 TNFu (mediation percentage =20.0%) on death.
Renal dysfunction was a partial mediator of the effects of T1 E2
(mediation percentage=30.7%) and T1 TNFx (mediation percent-
age=30.1%) and T2 TNFux (mediation percentage =29.7%), and a full
mediator of the effects of T2 E2 (mediation percentage=71.9%), on
death.

Hepatic dysfunction was a partial mediator of the effects of T1
E2 (mediation percentage =10.5%) and T2 TNFa« (mediation per-
centage=10.3%) on death. Hematology and respiratory dysfunc-
tion were not mediators at either time point. The total number of
NNOD domains with dysfunction was a partial mediator of T1 E2
(mediation percentage=20.7%) and T2 E2 (mediation percent-
age=54.0%) and T1 TNFo (mediation percentage = 13.0%) and T2
TNFo (mediation percentage =15.1%) effects on death.

Discussion

The physiological response to TBI is extensive and spans neu-
rological and non-neurological systems. After severe trauma, two
of the body’s stress regulation networks, the hypothalamic-
pituitary-adrenal axis and SNS, are triggered to drive the systemic
response to injury. An overactive systemic response to TBI in-
creases the risk for acute death. In fact, one study observed that 40%
of in-hospital deaths from TBI were non-neurological in etiology.>
Yet, past studies in TBI populations have focused primarily on
brain-specific biomarkers. The present study provides evidence that
peripheral biomarkers, TNFo and E2, are reciprocally related and
relevant to survival after severe TBI. These results provide evi-
dence of TNFo and E2 associations over the first week after TBI,
and their associations with time until death.

It is well-documented that TNFu in the brain is produced from
activated microglia and acts as a mediator of the neuroin-
flammatory response to TBL.’®™° The systemic role of TNFz is
more multi-faceted in the context of TBI, however. In response to
trauma, the SNS facilitates an acute phase hepatic response that
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TABLE 4. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS
IN TRAUMATIC BRAIN INJURY COHORT BY SIX-MONTH
MORTALITY STATUS

Non-survivors — Survivors
Variable (n=48) (n=109) P
Age (Mean, SE) 51.08 (2.29) 33.54 (1.35) < 0.001
Sex (men, %) 35 (72.92) 92 (84.40)  0.092
Race, (n, %) 0.607
White 45 (95.74) 99 (91.67)
Black 2 (4.26) 8 (7.41)
Other 0 (0) 1 (0.93)
Best in 24 h GCS 6 (5-7) 7 (6-8) 0.028
(Median, IQR)
Maximum head AIS 0.6353
severity, (n, %)
0 (0.00) 1 (0.94)
3 1 (2.08) 4 (3.77)
4 7 (14.58) 23 (21.70)
5 40 (83.33) 77 (72.64)
6 0 (0.00) 1 (0.94)
ISS (Mean, SE) 33.90 (1.48) 33.78 (1.00) 0.655
Non-head ISS 14.30 (1.79)  12.89 (1.06) 0.558
(Mean, SE)
Length of hospital 12.53 (1.34) 23.89 (1.23) < 0.001
stay (Mean, SE)
Mechanism of injury, < 0.001
(n, %)
MVA 16 (35.56) 56 (53.33)
Motorcycle 8 (17.78) 23 (21.90)
Fall 18 (40.00) 12 (11.43)
Other 3 (6.67) 14 (13.33)
CT injury type, (n, %)
SDH 36 (75.00) 66 (61.11)  0.092
SAH 35 (72.92) 71 (65.71)  0.375
IVH 12 (25.00) 30 (27.78) 0.718
EDH 9 (18.75) 13 (12.04) 0.266
DAI 6 (12.50) 38 (35.19)  0.004
Contusion 27 (56.25) 36 (33.33)  0.007
Other 4 (8.33) 5 (4.63) 0.360
Splenic injury, (1, %) 4 (8.33) 11 (10.09)  0.730
Abdominal injury, 15 (36.59) 38 (39.18) 0.775
(n, %)
Thoracic injury, (n, %) 10 (24.39) 30 (30.93) 0.439
Extremity injury, (n, %) 29 (60.42) 62 (57.94) 0.773
RS2470152 0.099
genotype, (n, %)
CcC 5 (13.89) 25 (28.74)
TC 22 (61.11) 36 (41.38)
TT 9 (25.00) 26 (29.89)

SE, standard error; GCS, Glasgow Coma Scale; IQR, interquartile
range; AIS, Abbreviated Injury Scale; ISS, Injury Severity Score; MVA,
motor vehicle accident; SDH, subdural hematoma; SAH, subarachnoid
hemorrhage; IVH, intraventricular hemorrhage; EDH, epidural hematoma;
DAL, diffuse axonal injury.

contributes to an increase in peripheral inflammation.?*%° Serum
E2 is a systemic biomarker that we have documented previously to
be increased in both sexes after severe TBI.'® Systemic TNFe di-
rectly impacts extragonadal E2 production by serving as a tran-
scription factor for E2 in adipose tissue.**™° Also, peripheral E2
propagates systemic inflammation, including TNFo production, by
acting as a norepinephrine reuptake inhibitor in lymphoid tissue to
directly amplify the SNS response to injury.***!

KUMAR ET AL.

| ——£1=0.90"——=| E2: Time epoch 2
2=0.23* \
covTH{EZ THFa)=0,088°

B3=0.24¢

E2: Time epoch 1
covTL(E2 7(#:0!6

TNFa: Time epoch 1 ———p4=0.60**——={ TNFa: Time epoch 2

FIG. 3. The fitted cross-lag panel model. Both autoregressive
paths are significant; Estradiol (E2) and tumor necrosis factor
alpha (TNFo) at T1 are associated with E2 at T2 (f=0.901, p=<
0.001) and TNF« at T2 (=0.602, p=< 0.001). Likewise, both
cross-lag paths were statistically significant; E2 at T1 was asso-
ciated with TNFo at T2 (=0.227, p=0.002), and TNFa at T1
was associated with E2 and T2 (f=0.236, p=0.018). The sig-
nificance of the cross-lag paths indicates a significant relationship
between the variables over time. The covariance between E2 and
TNFa at T1 was not significant (cov=0.016, p=0.814), but was
significant at T2 (cov=0.088, p=0.029).

These study findings support the hypothesis that E2 and TNFa
are significantly related over time acutely after TBI. This finding
suggests that peripheral inflammatory and hormone networks are
biologically interrelated in the acute phases after TBI, which likely
represents a pathological cascade that is relevant to survival after
severe TBI.

These results show that both E2 and TNF« are significant mor-
tality markers in different time epochs in the first six days after
severe TBI. In the total cohort, E2 levels are associated with
mortality risk in the first 72 h but not in the second 72 h after TBI. In
contrast, TNFu is a highly significant mortality marker in the total
cohort in the second 72 h after TBI, and modestly associated with
death in the first 72 h. Also, the significance of the covariance at T2
suggests a stronger correlation between E2 and TNFu at later, ra-
ther than earlier, time points in the acute phase post-injury.

The observed associations from this study add to the existing
body of clinical evidence of the lethal associations with excessive
systemic E2 and TNFa. Two independent studies involving inten-
sive care unit patients demonstrated that elevated serum TNFax
levels were associated with incident sepsis/septic shock and in-
hospital death.®"%* In a clinical study in a general trauma popula-
tion, Zolin and colleagues*' determined that elevated systemic E2
at 24 h post-injury was associated with increased odds for multiple
organ failure. Two other studies involving surgical and trauma
patients determined that systemic E2 is a strong predictor of
trauma-related death.®*%*

In TBI, previous studies by Wagner and colleagues'® have
shown that peripheral E2, along with its precursors E1%° and an-
drostenedione,® are potent mortality markers. In addition to fuel-
ing TNFo production (a potent vasodilator), a potential mechanism
for these observed harmful effects of systemic E2 after trauma
could be through its direct vasodilatory actions, promoting harmful
nitric oxide and hydrogen sulfide pathways.®’~"°

The secondary results support this hypothesis, showing that
individuals with severe TBI and with higher E2 and TNFu levels
have greater odds of acute dysfunction across multiple non-
neurological systems. Our findings also suggest relationships of
E2 and TNF« with death are mediated in part by CV, renal, and
hepatic dysfunction. Higher E2 levels likely contribute to death
through vasodilatory effects that exacerbate hypotension, increasing
overall CV dysfunction risk and contributing to death. Importantly,
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TABLE 5A. Cox PROPORTIONAL HAZARDS REGRESSION FOR DEATH BASED ON T1 EpPocH (1ST 72 H POST-INJURY) BIOMARKERS

Model I* Model 2° Model 3* Model 4°
Hazard ratio Hazard ratio Hazard ratio Hazard ratio
(95% CI) P (95% CI) p (95% CI) P (95% CI) P

In(E2) 1.84 (1.31, 2.59) <0.001 1.74 (1.22, 2.50) 0.002 1.79 (1.15,2.81) 0.011 1.81(1.14,2.87) 0.012
In(TNFo) 1.56 (1.067, 2.27) 0.022 1.55 (1.033, 2.31) 0.034 1.44 (1.00, 2.08) 0.051 1.47 (0.99, 2.19) 0.056
Harrell 0.707 0.790 0.835 0.834

Concordance

Statistic

CI, confidence interval; E2, estradiol; TNFa, tumor necrosis factor alpha.
£: Model 1: Unadjusted.
§: Model 2: Adjusted for age only.

¥: Model 3: Adjusted for age and clinical variables (Glasgow Coma Scale,

contusion, subdural hematoma, diffuse axonal injury).

€: Model 4: Adjusted for age, clinical variables, and rs2470152 genotype.

E2-induced hypotension has more broad implications beyond the CV
system, because it can also result in poor organ perfusion leading to
global ischemia-perfusion injury to the kidney and liver.”"”

These solid organs are also vulnerable to inflammation after
traumatic hemorrhagic shock and resuscitation®”>7* secondary to
TNFa production among other inflammatory mediators. The TNFa
production is central to NNOD, particularly because of induction of
adhesion molecule expression on endothelial cells,” thereby con-
tributing to cellular infiltration and proinflammation. The cumu-
lative mediation effect observed across multiple systems in the
present study (measured through the total count of NNOD domains)
suggests that the E2 and TNF« response represents a broad path-
ophysiological response to severe TBI that may be lethal, regard-
less of neurological treatment/support.

The results of this study are particularly timely considering the
recent findings of two large phase III trials for progesterone treat-
ment for the TBI population.!’'? Crucially, progesterone is the
biological precursor of E2 in the steroidogenesis pathway. Findings
from this study indicate that individuals with higher endogenous
E2, and concurrently its extragonadal transcription factor TNFo,
are at great mortality risk after severe TBI. High baseline levels of
these two systemic biomarkers may be relevant to post-treatment
progesterone metabolism; however, this hypothesis needs to be
tested formally.

non-head Injury Severity Score, and computed tomography abnormalities:

In light of these clinical findings, it is important to discuss the
tremendous track record of progesterone as a neuroprotectant.
This hormone demonstrated appreciable neuroprotective benefits
in several experimental TBI studies conducted over multiple de-
cades.'>'*777° The phase I1I clinical trial results did not translate
to human TBI, however. One reason may be that experimental
TBI models do not accurately mirror what is observed clinically in
critically ill, hospitalized patients with severe TBI. For instance,
animal models do not include coma, do not necessitate intubation,
do not typically include concomitant extracerebral injury, and
animals are not as prone as humans to systemic or critical illness
after injury. Clinical observational studies have documented the
high rates of non-neurological deaths in severe TBI popula-
tions.>>8%81 It is possible that (for some) the contribution of the
acute systemic response to severe trauma is a larger driver of
survival than the CNS pathophysiological changes that occur
during the initial days after TBI.

We propose that a baseline assessment of an individual’s E2 and
TNFo, along with clinical and demographic variables such as age
and GCS score, could be important to characterize baseline mor-
tality risk after severe TBI. This point may have specific utility to
inform participant inclusion into clinical trials in general. In-
dividuals with a high baseline risk may not be appropriate candi-
dates for any neuroprotective clinical trial if they also are at high

TABLE 5B. Cox PROPORTIONAL HAZARDS REGRESSION FOR DEATH
BASeD oN T2 EPocH (2ND 72 H POST-INJURY) BIOMARKERS

Model I* Model 2} Model 3¥
Hazard ratio Hazard ratio Hazard ratio
(95% CI) p (95% CI) p (95% CI) p

In(E2) 1.36 (0.91, 2.02) 0.133  1.24 (0.84, 1.83) 0.287 1.10 (0.70, 1.74)  0.680
In(TNFo) 1.69 (1.03,2.79) 0.039 1.71 (1.05, 2.76) 0.030 2.14 (1.22,3.75) 0.008
Harrell’s 0.696 0.756 0.804

Concordance

Statistic

Model 4°
Hazard ratio
(95% CI) P
0.91 (0.56, 1.47) 0.691
2.47 (1.35, 4.53)  0.003

0.819

CI, confidence interval; E2, estradiol; TNFa, tumor necrosis factor alpha.
£: Model 1: Unadjusted.
§: Model 2: Adjusted for age only.

¥: Model 3: Adjusted for age and clinical variables (Glasgow Coma Scale, non-head Injury Severity Score, and computed tomography abnormalities:

contusion, subdural hematoma, diffuse axonal injury).
€: Model 4: Adjusted for age, clinical variables, and rs2470152 genotype.
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risk for death independent of any neuroprotective treatment re-
ceived. For these individuals, concerted efforts should be focused
on preventing or controlling major systemic compromise to prevent
death. In contrast, individuals with low or moderate baseline risk
for death because of major systemic compromise may be more
appropriate candidates for inclusion into neuroprotective clinical
trials, including perhaps progesterone interventional trials.

In this study, we observed that extracerebral trauma is a par-
ticularly strong risk factor for systemic increases in E2 and TNFa.
Individuals with thoracic and abdominal injuries had higher levels
on average of E2 and TNFa. Extremity injuries were also associ-
ated with T1 TNFo. We demonstrate that extracerebral trauma
exacerbates the secondary systemic inflammatory response, per-
haps through direct impact of major immunological organs, in-
cluding liver, spleen, and mesenteric system lymph nodes. We
adjusted for extracerebral injury severity (measured with non-head
ISS), however, and the primary effects of the biomarkers on the
mortality risk only marginally changed, suggesting it is not a major
confounder of mortality risk.

We also observed that older age was associated with elevated
E2; however, similar to previous work, we did not observe any
differences in E2 by sex,'® suggesting that elevated E2 concen-
trations post-TBI are derived primarily from extragonadal sources.
In addition, we observed from this study that the aromatase SNP
1s2470152 is associated with serum E2, such that heterozygotes
tend to have higher E2 levels compared with homozygotes. In a
previous study,*® we observed that two SNPs on the aromatase gene
(rs2470152 and rs4646) were associated with estradiol/testosterone
ratios and Glasgow Outcome Scores at six months, and the current
findings suggest that adjusting for E2-related personal biology
factors may be relevant when considering E2 profiles and hormone
treatment effects in the setting of TBI.

In our recent epidemiological work involving data from the
Pennsylvania Trauma Outcomes Study, we have observed that in-
dividuals with severe AIS for head and neck showed sex differ-
ences in cardiac complications associated death.®? Women aged 50
years and higher were less likely to die from their cardiac com-
plications then men of the same age, which is consistent with other
large database studies showing a potential “‘protective’ sex effect
on complications and associated death for post-menopausal women
among these populations with severe TBI.3384

These findings suggest a potentially relevant point to consider
with future studies exploring E2 and TNFu risk of death, wherein it
is speculative, yet plausible, that there are sex-specific age-related
differences in extragonadal hormone production and effects that
might influence these relationships. Larger studies are needed to
tease out age and sex relationships with E2 and TNFo and NNOD-
associated death after TBI.

A cross-lag panel analysis was utilized in this article to charac-
terize E2 and TNFo relationships over the first week post-injury.
Through simultaneous modeling of autoregressive and cross-lags
paths, this statistical methodology allows for the examination of
longitudinal relationships of multiple variables. Historically, this
method has been applied principally in developmental and social
science literature.*”%> This work, however, shows that the method-
ology has significant utility in TBI biomarkers research to aid in the
study of relationships between markers over time. Such statistical
modeling can be used, in conjunction with hypothesized theories and
empirical results from experimental studies, to better understand
longitudinal patterns between biomarkers of interest after TBI.

There are study limitations that should be discussed. The pri-
mary analysis consisted of biomarkers averaged over the first 72h
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(T1) and second 72 h (T2). Because of missing data, often due to
conflicts with clinical care, we were unable to have more granu-
larity when characterizing temporal biomarker data profiles (e.g.,
daily levels) and the sample size for the T2 cohort was slightly less
T1 cohort due to data availability. In addition, although the cross-
lag approach nicely shows the interrelatedness between E2 and
TNFa across T1 and T2, even after the adjustment for confounders,
the study design is still a human observational study, and we cannot
conclude that the observed relationships are causal.

Further, this study focuses on TNFo as the primary systemic in-
flammatory marker and extragonadal transcription factor; however,
other evidence suggests that cortisol®® and interleukin-6°" are tran-
scription factors for E2 and may contribute to propagation of the
systemic pathophysiological response to injury.

Also, our operational definition for systemic dysfunction in this
study was based on SOFA components. There are limitations with
these criteria, and more direct measures of dysfunction may be more
specific (e.g., troponin or brain natriuretic peptide for CV dysfunc-
tion). We adjusted for the confounders of age, GCS, CT abnormalities
(contusion, SDH, DAI), and rs2470152) in our primary analyses;
however, it is possible other unmeasured confounding factors could
alter the observed effect estimates for the cross-lag and survival
analysis models. The mediation models employed a different model-
ing strategy than the survival analysis, and were limited by sample size
due to data availability for system dysfunction components. This may
have accounted for some differences in associations observed between
T2 E2 and mortality in the survival and mediation analyses.

Finally, this study was performed in a cohort with severe TBI, and
thus the utility of E2 and TNFu as prognostic indicators of death are
not necessarily generalizable to those with less severe injuries; how-
ever, recent studies have noted differences in neurological and quality-
of-life outcomes by hormonal status in populations with mild TBL®®
Future studies should explore further the association between E2 and
TNFo and multi-dimensional survivor-based outcomes.

Conclusion

The results from this study provide intriguing evidence to support
the hypotheses that the peripheral inflammatory and hormone markers,
E2 and TNFo, have a positive feedback relationship with each other in
the first week after severe TBI, and both biomarkers have prognostic
value as indicators of mortality risk after injury. These biomarkers
may be relevant for both research and clinical purposes to gauge
baseline risk for systemic compromise and death after TBI.

Future experimental TBI studies should consider ways to si-
multaneously model systemic injury and/or shock,® in addition to
the TBI itself, to more appropriately mirror common clinical con-
ditions observed after severe TBI. In addition, future experimental
studies should examine the potential benefits of aromatase and
TNFua inhibitors, as well as adrenergic blockage therapies. Future
clinical studies would benefit from prospectively monitoring E2
and TNFo daily while assessing subsequent risk for and develop-
ment of major systemic compromise and NNOD.
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