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Abstract

Hormonal dysfunction is a known consequence of moderate and severe traumatic brain injury (TBI). In this study
we determined the incidence, time course, and clinical correlates of acute post-TBI gonadotroph and somatotroph
dysfunction. Patients had daily measurement of serum luteinizing hormone (LH), follicle-stimulating hormone
(FSH), testosterone, estradiol, growth hormone, and insulin-like growth factor-1 (IGF-1) for up to 10 days post-
injury. Values below the fifth percentile of a healthy cohort were considered abnormal, as were non-measurable
growth hormone (GH) values. Outcome measures were frequency and time course of hormonal suppression,
injury characteristics, and Glasgow Outcome Scale (GOS) score. The cohort consisted of 101 patients (82% males;
mean age 35 years; Glasgow Coma Scale [GCS] score �8 in 87%). In men, 100% had at least one low testosterone
value, and 93% of all values were low; in premenopausal women, 43% had at least one low estradiol value, and
39% of all values were low. Non-measurable GH levels occurred in 38% of patients, while low IGF-1 levels were
observed in 77% of patients, but tended to normalize within 10 days. Multivariate analysis revealed associations
of younger age with low FSH and low IGF-1, acute anemia with low IGF-1, and older age and higher body mass
index (BMI) with low GH. Hormonal suppression was not predictive of GOS score. These results indicate that
within 10 days of complicated mild, moderate, and severe TBI, testosterone suppression occurs in all men and
estrogen suppression occurs in over 40% of women. Transient somatotroph suppression occurs in over 75% of
patients. Although this acute neuroendocrine dysfunction may not be TBI-specific, low gonadal steroids, IGF-1,
and GH may be important given their putative neuroprotective functions.
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Introduction

Although traumatic brain injury (TBI) remains a
leading cause of disability and death around the world

(Consensus Conference, 1999; Adekoya et al., 2002; Ragnarsson,
2002), multiple clinical trials conducted over the last two
decades have yielded no effective pharmacological therapies
for brain injury (Consensus Conference, 1999; Maas et al.,
2004; Narayan et al., 2002). One particular aspect of post-TBI
pathophysiology that remains understudied but may be a

potential target of hormonal or pharmacological intervention
is acute neuroendocrine dysfunction. Our group recently
showed that acute adrenal insufficiency occurs in 50% of
moderate and severe TBI victims, and is associated with lower
blood pressure and higher vasopressor requirements (Cohan
et al., 2005). Acute thyroid dysfunction has also been dem-
onstrated in TBI victims and in other critically ill patients in
intensive care units (ICUs; Agha et al., 2004; Chiolero et al.,
1988a, 1988b; Della Corte et al., 1998; Dimopoulou et al., 2004;
Fleischer et al., 1978; Hackl et al., 1991; Heinen et al., 1981;
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Leon-Sanz et al., 1997; Slag et al., 1981; Van den Berghe et al.,
2001; Woolf et al., 1988). Less is known about the acute
functionality of the somatotroph and gonadotroph axes.
Earlier studies have addressed this issue specifically in TBI
patients, indicating that levels of growth hormone (GH), in-
sulin-like growth factor-1 (IGF-1), luteinizing hormone (LH),
follicle-stimulating hormone (FSH), and testosterone in men
and estradiol in women all decrease transiently during the
acute post-injury period (Agha et al., 2004; Cernak et al., 1997;
Chiolero et al., 1988a, 1988b; Della Corte et al., 1998; Hackl
et al., 1991; Woolf et al., 1985, 1986). Although not considered
critical for survival in times of acute stress such as multiple
trauma or isolated head injury, the known roles of GH, IGF-1,
estrogen, and testosterone in the healthy brain suggests their
suppression acutely after TBI may have both acute and long-
term consequences. There are abundant GH and IGF-1 re-
ceptors in the brain, with GH involved in vascular reactivity,
vascular tone, and CNS repair processes, while IGF-1 appears
to be important in re-myelination and prevention of demye-
lination (D’Ercole et al., 1996; Hana et al., 2002; Napoli et al.,
2003; Scheepens et al., 2001, 2000; Silha et al., 2005; Ye and
D’Ercole, 1999; Ye et al., 2002; Zhong et al., 2005). Similarly,
there is evidence that estrogen in women and testosterone in
men may be neuroprotective, and conversely, their absence or
suppression in the acute post-injury period may be deleteri-
ous (Chisu et al., 2006; Garcia-Estrada et al., 1993; Hammond
et al., 2001; Huppenbauer et al., 2005; Nguyen et al., 2005;
Ramsden et al., 2003; Roof and Hall, 2000; Sawada et al., 1998;
Sierra et al., 2003; Soustiel et al., 2005l; Stein, 2001; Stein and
Hoffman, 2003; Toung et al., 1998; Zhang et al., 2004).

With these concepts in mind, as part of a prospective study
of acute and chronic hypopituitarism after TBI, we sought to
define the incidence and predictors of acute somatotroph and
gonadotroph suppression in TBI patients, as well as in a co-
hort of non-head injured trauma patients. Relative to prior
reports of acute post-TBI gonadotroph and somatotroph
function, this study has the largest number of patients and
samples analyzed to date, and is unique in using a multi-
variate analysis of predictors of hormone levels.

Methods

The institutional review boards of each participating center
approved this research study. Informed written consent was
provided by legal proxy within 48 h of admission at the
Harbor-UCLA and UCLA Medical Centers, and within 24 h of
injury at UC Davis Medical Center.

TBI cohort

Enrollment criteria for this prospective study included: (1)
patients age 14–80 years admitted to the ICU of one of three
Level 1 trauma centers (Harbor-UCLA, UCLA, and UC Davis
Medical Centers) within 24 h of injury, (2) an initial head
CT scan showing acute intracranial hemorrhage, (3) a post-
resuscitation Glasgow Coma Scale (GCS) score of 3–14 or a
deterioration to a GCS� 14 within 24 h of admission, and (4)
at least three consecutive days of hormonal data. Patients
were further categorized as sustaining a complicated mild TBI
(GCS score 13–14 with intracranial hemorrhage on acute CT;
n¼ 5), moderate TBI (GCS score 9–12; n¼ 13), or severe TBI
(GCS score 3–8; n¼ 88; Borgaro et al., 2003; Teasdale and
Jennett, 1974).

Extracranial trauma cohort

Between June 2002 and February 2004, patients sustaining
extracranial trauma (ECT) were prospectively enrolled in the
study. Enrollment criteria included: (1) patients age 14–80
years and admitted to the ICU within 24 h of injury, (2) an
Injury Severity Score (ISS) of� 15, (3) a post-resuscitation GCS
score of 14–15 without a discernible head injury, including no
loss of consciousness by history and no intracranial injury or
skull fracture on CT scan, and (4) at least two consecutive days
of hormonal data. Injury types included chest, abdominal/
pelvic, extremity, and neck. Of this original cohort of 45 ECT
patients described in a previous article on adrenal insuffi-
ciency, 32 ECT subjects were enrolled at Harbor-UCLA
Medical Center and had somatotroph and gonadotroph hor-
mone assays performed (Cohan et al., 2005). Of these 32, four
were excluded because their ISS was below 15 (n¼ 3), or they
had less than 2 days of hormonal data (n¼ 1), leaving 28
patients for analysis. Since there were only 4 women among
these 28 patients and two were post-menopausal, women
were included only in the IGF-1 analysis and no data on
female LH, FSH, or estradiol are presented.

Exclusion criteria for both the TBI and ECT patients in-
cluded pregnancy, or diagnoses of cancer, AIDS, severe
neurological or psychiatric illness, spinal cord injury, pre-
existing adrenal or pituitary insufficiency, or having received
glucocorticoids within 3 months of injury.

TBI patient management

All patients were admitted to the ICU after initial stabili-
zation or after craniotomy for evacuation of an intracranial
hematoma. Patient management was in accordance with the
‘‘Guidelines for the Management of Severe Head Injury,’’ and
included an algorithm for maintaining intracranial pressure
(ICP) less than 20 mm Hg, and cerebral perfusion pressure
(CPP) above 60–70 mm Hg (Bullock et al., 1996).

Serial hormonal blood draws

During the acute post-injury period, TBI and ECT subjects
had daily morning measurements of serum GH, IGF-1, LH,
FSH, and estradiol (in women) and total testosterone (in men).
The first hormone levels were drawn within 24 h of injury,
with subsequent draws occurring at 6–7 am up to post-injury
day 9, as long as the subjects remained in the ICU. As previ-
ously described, serum adrenocorticotropic hormone (ACTH)
and cortisol levels were also drawn within 24 h of injury, with
subsequent twice-daily draws occurring at 6 am and 4 pm

(Cohan et al., 2005).

Normal healthy cohort

Healthy subjects were recruited by advertisements posted
at Harbor-UCLA and UCLA Medical Centers. Those with
previous diagnoses of endocrine diseases, currently on hor-
mone replacement therapy, and pregnant females or those on
birth control pills in the past 3 months were excluded. The
subjects were studied as part of dynamic anterior pituitary
function testing performed in the general clinical research
center of their respective hospitals starting at 8 am after an
overnight fast. Although not studied at the same phase of the
menstrual cycle, all women reported a history of regular
menses. In total, 101 healthy volunteer subjects were studied
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to define the normal ranges for basal morning LH, FSH, and
testosterone (males), or estradiol (females), and for GH.
Normal values for gonadotropins and sex steroids were di-
vided to reflect gender disparities in hormone production.
Normal ranges for IGF-1 were stratified by age range based on
normative data from Quest Diagnostics (Lyndhurst, NJ), as it
has been shown that IGF-1 secretion decreases with age. The
IGF-1 age stratification used was: 16–24 years, 25–39 years,
40–54 years, and > 55 years.

Normal hormonal quantitative ranges were established,
with the fifth percentile value of these healthy subjects re-
presenting the lower limit of normal for each hormonal axis,
as described below. See Table 1 for normative values. Both TBI
and ECT patient hormone levels were assessed according to
these values, and any values below the fifth percentile cut-off
were considered abnormally low.

Serum samples for all hormones were stored at �208C be-
fore assay by the GCRC Core Laboratory of the Harbor-UCLA
Medical Center. All samples from the same patient were as-
sayed in the same run whenever possible to reduce between-
run variations. The hormones measured and assays used are
described below.

Serum GH was measured by an enzymatically amplified
two-step sandwich-type immunoassay with reagents ob-
tained from Diagnostic Systems Laboratories (DSL-10-1900
hGH ELISA; Webster, TX), and validated at the Core
Laboratory of the Harbor-UCLA Medical Center GCRC.
The lower limit of quantization was 0.2 mg/L, and this was
used to delineate the lower limit of normal in the TBI and ECT
cohorts. The intra-assay and inter-assay coefficients of varia-
tion were less than 8% and 14%, respectively. The recovery of
GH from serum spiked with 0.1–15 mg/L of GH was between
92% and 112% (Qu et al., 2005).

Serum IGF-1 was measured by RIA kits from Quest Diag-
nostics, after acid/ethanol extraction of serum. The normal
adult ranges are presented in Table 1.

Serum FSH and LH were measured by fluoroimmuno-
metric assays with reagents provided by Delfia (Wallac,
Gaithersburg, MD). The adult normal male ranges are LH 1.0–
8.1 IU/L, and FSH 1.0–6.9 IU/L.

Serum total testosterone was measured by RIA using re-
agents from Diagnostic Products Corporation (Torrance, CA)
after extraction; the normal adult male range is 10.3–
36.2 nmol/L (Qoubaitary et al., 2006).

Serum estradiol (E2) was measured by direct assay without
extraction with reagents from ICN Pharmaceuticals (Costa
Mesa, CA); the normal adult female range in the early follic-
ular phase is 73.4–550.7 pmol/L.

The following clinical factors were assessed as being
potentially related to acute hormonal suppression:

� Injury factors. Age, post-resuscitation GCS score, post-
resuscitation pupillary status (both normal, one abnor-
mal, or both abnormal), ISS, BMI, length of ICU stay,
6-month Glasgow Outcome Scale (GOS) score, and
Extended GOS (GOS-E) score were recorded for each
subject ( Jennett and Bond, 1975; Teasdale et al., 1998).

� Ischemia factors. As previously described (Cohan et al.,
2005), factors associated with a possible ischemic insult
to the hypothalamic-pituitary axis included hypotension
(systolic blood pressure <90 mm Hg) or severe anemia
(hematocrit <25%) within 72 h of injury, hypoxia
(Pao2< 60 mm Hg or Sao2< 90%) within 24 h of injury,
or agonal respirations or apnea in the field (Chesnut
et al., 1993). An ischemia score ranging from 0–3 was
also calculated for each subject, with 1 point each for
hypotension, hypoxia, or severe anemia (Cohan et al.,
2005). While moderate anemia (hematocrit 25–35%) was
also taken into account for the purpose of multivariate
analysis, it was not considered a possible ischemic in-
sult to the pituitary, and thus was not included in the
ischemia score.

� ICP and CPP. For patients in whom an ICP monitor was
placed, mean ICP and CPP, total hours ICP was >20 mm
Hg, and total hours CPP was <60 mm Hg were recorded
( Jiang et al., 2002; Marmarou et al., 1991; Marshall et al.,
1991a, 1991b; Sarrafzadeh et al., 2001).

� Computed tomography findings. As previously described
(Kelly et al., 2006), the following 10 findings of intra-
cranial injury, all of which have been associated with
worse long-term outcome after TBI, were recorded from
patient first and second CT scans obtained within 24 h of
injury: basilar cistern compression, diffuse brain swell-
ing, midline shift >4 mm, evacuated acute subdural
hematoma, evacuated intracerebral hematoma, multiple
contusions, subarachnoid hemorrhage, hypothalamic
hemorrhagic or swelling, diffuse punctuate (subcortical)
hemorrhage (consistent with shearing injuries), and
skull/facial fractures (calvarial, skull base, sphenoid, or
facial; Eisenberg et al., 1990; Glenn et al., 2003; Kraus
et al., 2003; Tomei et al., 1991). An aggregate CT score
from 0–10 was calculated for each patient, with 1 point
added for each of the above CT findings (Kelly et al.,
2006).

� Medication effects. Patients treated with etomidate and/
or metabolic suppressive agents (e.g., pentobarbital and
propofol) were identified. Etomidate, when given, was
administered as a single dose immediately prior to in-
tubation, and only the patients’ first blood draw within
24 h of injury was considered to be potentially impacted
by etomidate. Given that pentobarbital has a half-life of
15–48 h, any hormonal blood draws within 48 h of

Table 1. Reference Range for Hormones

from Healthy Men and Women

Hormonal axis Fifth percentile 95th Percentile

Luteinizing hormone
Males 1.4 IU/L 6.9 IU/L
Females 1.1 IU/L 15.3 IU/L

Follicle-stimulating hormone
Males 1.1 IU/L 9.98 IU/L
Females 1.3 IU/L 11.1 IU/L

Testosterone (males) 10.3 nmol/L 28.1 nmol/L

Estradiol (females) 101.2 pmol/L 584.6 pmol/L

Growth hormone 0.003mg/La 4.1 mg/La

Insulin-like growth factor-1
Ages 16–24 26.8 nmol/L 90.9 nmol/L
Ages 25–39 16.8 nmol/L 57.3 nmol/L
Ages 40–54 13.2 nmol/L 42.2 nmol/L
Age 55þ 10.4 nmol/L 33.9 nmol/L

aLower limit of detection for growth hormone was �0.2mg/L.
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stopping the pentobarbital infusion were considered
potentially influenced by this drug (Cormio et al., 1999;
Gilman et al., 1980). Because propofol has a half-life of
only 24–64 min, a hormonal blood draw was considered
influenced by this drug only if the patient was receiving
an infusion of at least 100 mg/kg/min at the time of the
blood draw, which is generally considered the threshold
rate to achieve EEG burst suppression (Albanese et al.,
1990; Bailie et al., 1992; Illievich et al., 1993; Kelly et al.,
1999; Vandesteene et al., 1988). Since dopamine is
known to be associated with suppression of GH and
IGF-1 levels, as well as LH and testosterone levels in
critically-ill ICU patients, dopamine use was also
assessed as a potential risk factor for suppression of
these hormones (Van den Berghe and De Zegher, 1996).

� Global outcome measurement. Neurological outcome was
assessed at 6 months or more post-injury by staff blin-
ded to hormonal status and other clinical data, using the
Glasgow Outcome Scale (GOS), with favorable outcome
defined as GOS score 5 or higher, versus GOS score 4 or
lower (Choi et al., 1998).

Statistical analysis

Comparisons of the patient-level measures in the trauma
and ECT cohorts were performed using exact Wilcoxon rank-
sum tests (continuous measures), and Fisher’s exact test
(categorical measures).

Trends over time in hormones (FSH, LH, testosterone
[men], estradiol [women], GH, and IGF-1) from morning
blood draws for up to 10 days post-injury were assessed with
random coefficient natural cubic spline regression models
(Harrell et al., 1988; Oertel et al., 2005; Rice and Wu, 2001),
with knots placed at the internal quintiles of the time axis.
Each patient was categorized as acutely low for a hormone if
any measurement was below the fifth percentile for that
hormone based on the normal healthy cohort described
above, except for GH, for which only non-measurable levels
(�0.2 mg/L) were characterized as low. The percentage of
acutely low values and the percentage of patients with at least
one acutely low value were calculated for each hormonal axis.

The association of multiple factors with the binary indica-
tors of acutely low studies for each hormone was examined
using the generalized estimating equation (GEE) method,
with an exchangeable working correlation structure (Liang
and Zeger, 1986). The GEE method is one of several possible
approaches to accommodating within-subject correlation for
longitudinal binary outcomes data; other possibilities include
the mixed-effects logistic regression and Markov transition
models (Neuhaus, 1992). Explanatory variables included
gender, hypotension and hypoxia, CT score, hydrocortisone
treatment or randomization, pupillary abnormalities, and
anemia, as well as ischemia score, age, GCS, ISS, CT score, ICP
(maximum, hours >20 mm Hg, and mean), and CPP (mini-
mum, hours <50 mm Hg, and mean). Missing data for these
predictor variables was handled using standard multiple
imputation techniques (Schafer, 1999).

To examine the relationship of hormonal deficits to long-
term outcome, logistic regression analysis was used with di-
chotomous GOS-E score (4 or less versus 5 or higher) as the
outcome variable. Predictors included the severity (number)
of acute hormonal deficits from 0–5: low gonadotroph hor-

mones (lower than the reference range for testosterone or es-
tradiol), low somatotrophs (lower than the reference range for
age-adjusted IGF-1, and/or non-measurable GH), and acute
adrenal insufficiency (moderate or severe). These measures
were compared with known predictors of outcome, including
age, GCS score, pupillary status, early hypotension or hyp-
oxia, CT findings, and ICP and CPP time course (Chesnut
et al., 1993; Jiang et al., 2002; Marmarou et al., 1991; Marshall
et al., 1991a, 1991b; Sarrafzadeh et al., 2001; Ariza et al., 2004;
Miller et al., 1978; Servadei et al., 2000; Vollmer et al., 1991).

All statistical analyses were conducted using SAS version
9.1, except for the random coefficient spline regressions,
which were performed using the R language, version 2.5.1.
No formal correction was made for multiple statistical testing,
and significance was defined as p< 0.05.

Results

Between June 2002 and November 15, 2005, of 183 TBI pa-
tients enrolled in the study, 101 TBI patients are included in this
analysis (82 male and 19 female patients; mean age 35� 17
years; median post-resuscitation GCS score 7, 87% with post-
resuscitation or deterioration to GCS scores� 8, 13% with GCS
scores 9–12, and 5% with GCS scores 13–14). Mechanisms of
patient injuries included 37 motor vehicle accidents, 20 falls, 14
pedestrians struck by automobiles, 11 blunt traumas, 10 mo-
torcycle accidents, 8 gunshot wounds, and 1 other penetrating
injury. The reason for excluding 82 patients from the original
183 patients were: prior medical conditions (4 subjects), gluco-
corticoid use (4 subjects), less than three consecutive days of
hormonal blood data or insufficient serum available (21 sub-
jects), and no hormonal data available (53 subjects), given that
the blood collection protocol for this part of the study was
started after the initiation of the overall study. As seen in Table
2, the 101 TBI patients and 28 ECT patients were similar in terms
of age (35� 17 versus 35� 16 years), gender (82% men versus
86% men), and mean ISS (28� 10 versus 24� 9.5; p¼ 0.11).

Incidence and time course of somatotroph
and gonadotroph suppression

Gonadotroph axis. For the TBI cohort, LH, FSH, testos-
terone in men, and estradiol in women, all had a similar
pattern of decline over the 10-day post-injury period (Figs. 1
and 2). Similar patterns of decline (data not shown) of LH,
FSH, and testosterone levels were seen for the ECT cohort in
male patients. For male TBI patients, the percentage of values

Table 2. Extracranial Trauma (ECT) and Traumatic

Brain Injury (TBI) Subject Characteristics

ECT TBI p Value

Number of subjects 28 101
Age (years) 35 (18–62) 35 (14–78) 0.7
Male 24 (86%) 82 (81%) 0.6

Injury Severity Score 24 (16–25) 28 (9–66) 0.02

Glasgow Coma Scale score
14–15 15 (54%) 0 (0%) 0.0001
9–13 9 (32%) 9 (11%)
3–8 4 (14%) 75 (89%)

Days in the intensive
care unit

5.3 (2–9) 7.1 (2–10) 0.001
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below the fifth percentile for LH was 50%, for FSH 46%, and
for testosterone 91%. The percentage of male patients with
at least one value below the fifth percentile for LH was
82%, for FSH 66%, and for testosterone was 100%. For female
TBI patients, the overall percentage of all values below the
fifth percentile for LH was 66%, and for FSH 40%. The per-
centage of female patients with at least one value below the
fifth percentile for LH was 89%, and 53% for FSH. In pre-
menopausal women, 39% of estradiol values were acutely
low, and 43% of subjects had at least one acutely low value
(Tables 3A and 3B). Similar rates of low LH, FSH, and tes-
tosterone were seen in male ECT patients.

Somatotroph axis. For the TBI patients, GH and IGF-1
had a general pattern of decline and recovery over the 10-day
post-injury period, including similar patterns across age
groups for IGF-1 (Fig. 3A–E). However, GH levels overall
remained relatively normal or slightly elevated throughout
the observation period. A similar pattern of decline and re-
covery (data not shown) was seen for the ECT cohort across
age groups for IGF-1.

For the TBI cohort, the percentage of non-detectable GH
values (�0.2 mg/L) was 13%; and simultaneous IGF-1 values
were below the age-adjusted fifth percentile in 55%. The
percentage of TBI patients with at least one non-measurable
GH value was 38%, and with an IGF-1 value below the fifth
percentile was 77%. For the ECT cohort, 61% of patients had at
least one IGF-1 value below the fifth percentile.

Multiple hormonal deficits

When patients were categorized by how many measured
hormones were below the fifth percentile cut-off for at least 1
day, 1% of the 101 TBI patients had no hormonal deficits, 8%
had one hormonal deficit, 17% had two deficits, 20% had three
deficits, 49% had four deficits, and 6% had deficits in all five
measured hormones. Overall, 74% of the TBI cohort expressed
low levels in at least three of the five measured hormones.

Factors associated with gonadotroph
and somatotroph suppression

Multivariate analysis revealed no factors predictive of
LH suppression, and only younger age was associated with
FSH suppression. In patients under 40 years of age, 58% had
low FSH levels, compared to only 26% in male and pre-
menopausal female patients �40 years of age ( p¼ 0.0001);
however, this result may reflect the fact that serum FSH levels
are lower in younger patients. Regarding testosterone in male
patients, acute anemia and vehicular mechanism of injury
were both associated with low values. Testosterone was low
in 94%, 93%, and 73%, of studies in patients with severe,
moderate, or no anemia, respectively. However, multivariate
analysis did not reveal any independent predictors of low
values (including age and BMI), largely due to the high per-
centage of abnormally low serum testosterone concentrations
overall. Because of the small sample size, predictive factors for

FIG. 1. Daily mean (� standard deviation) gonadotropin
and testosterone levels in male traumatic brain injury pa-
tients (n¼ 82). (A) Luteinizing hormone (LH). (B) Follicle-
stimulating hormone (FSH). (C) Total testosterone (T).
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low estradiol in female patients were difficult to determine;
however, there appear to be at least weak associations with
hypoxia, CT score, and the use of propofol and pentobarbital.
Regarding somatotroph function, younger age, higher ISS,
and any risk factors for ischemia (anemia, hypoxia, and hy-
potension) were all predictive of low age-adjusted IGF-1
values. On multivariate analysis, only age and anemia re-
mained independently predictive. In patients <40 years of
age, 66% of studies were low, versus 37% in older patients
( p¼ 0.0001). Low IGF-1 values occurred in 32%, 52%, and
67% of studies, in patients with no, moderate, or severe ane-
mia ( p¼ 0.003). Older patients were more likely to have
acutely low GH, as were patients with higher BMI. Both fac-
tors remained independently predictive in multivariate
analysis. In patients <40 years of age, 11% of GH values were
low, versus 16% in older patients ( p¼ 0.01). In patients that
had BMI <25 kg/m2, 5% of studies were low, versus 20% in
overweight patients ( p¼ 0.004).

Outcome analysis by Extended Glasgow Outcome
Scale score and severity of hormonal deficits

The GOS-E scores of 83 patients with long-term follow-up
were analyzed as a function of the number of acute hormonal
deficits, and specifically as a function of the frequency of low
testosterone (in men), low estradiol (in women), low IGF-1
and/or non-measurable GH, and moderate or severe adrenal
insufficiency. This analysis showed no significant correlation
between outcome and acute hormonal suppression. How-
ever, poor outcome was strongly associated with other factors
that have been identified previously: lower initial GCS score
( p< 0.001), abnormal pupillary status ( p¼ 0.001), hypoten-
sion and/or hypoxia ( p< 0.0001), poorer CT findings
( p< 0.0001), increased ICP ( p¼ 0.0004), and decreased CPP
( p¼ 0.001). Multivariate analysis of these factors showed that
the best three-predictor model for outcome is based upon
patient age, pupillary status, and ICP course.

Discussion

Summary of findings

In this prospective study of 101 TBI patients, LH suppres-
sion was observed in 83% of patients, FSH suppression in
63%, low estradiol in 43% of pre-menopausal women, and
low testosterone in 100% of men; these low levels persisted
over the observation period. The acute somatotroph response
to injury was more variable, with daily morning GH values
generally elevated above the mean. However, non-detectable
GH values were observed in 38% of patients, and a low age-
adjusted IGF-1 level was observed at least once in 77% of
patients. There was a trend of recovery of IGF-1 levels from
days 7–9 post-injury. Overall, 74% of the cohort had sup-
pression of at least three hormone levels. There were no strong
predictors of impaired gonadotroph function on multivariate
analysis other than younger age for FSH. In contrast, both
younger age and anemia were associated with suppressed

FIG. 2. Daily mean (� standard deviation) gonadotropin
and estradiol levels in female traumatic brain injury pa-
tients (n¼ 19). (A) Luteinizing hormone (LH). (B) Follicle-
stimulating hormone (FSH). (C) Estradiol (E2).
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IGF-1 levels, while older age and higher BMI were associated
with acutely low GH. Similar rates of somatotroph and go-
nadotroph suppression were observed in a smaller cohort of
extracranial trauma patients who did not sustain significant
TBI, indicating that the observed hormonal suppression may
not be TBI-specific, but may be more related to the generalized
stress of critical illness. Below we discuss these findings rel-
ative to prior studies, as well possible future TBI treatments.

Acute hormonal suppression after TBI
and critical illness

Prior studies have shown varying rates of acute somato-
troph and gonadotroph dysfunction after TBI, multiple trau-

ma, and other types of critical illness. Several studies specific
to TBI are noteworthy. In 1988 Chiolero and associates mea-
sured ACTH, GH, prolactin, and TSH daily for 5 days after
injury in 36 patients with isolated severe TBI, multiple trauma
with severe TBI, or multiple trauma without TBI (Chiolero
et al., 1988a). GH was elevated in all three groups, and pro-
lactin was measured in patients with combined multiple
trauma and TBI. Levels of IGF-1 and gonadotropins were not
measured. In 1991 Hackl and colleagues studied anterior pi-
tuitary function in 21 severe TBI patients with one blood draw
in 11 patients, and 2–5 blood draws in 10 patients. Relevant to
our study, testosterone levels were low in all men, and basal
GH levels were elevated in severely injured patients with
raised ICP (Hackl et al., 1991). Della Corte and co-workers in

Table 3B. Patients with Any Low (<Fifth Percentile) Somatotroph and Gonadotroph Hormone

Levels (Post-Injury Days 0–10)

Acutely low subjects

Fifth percentile cut-off Total n Percentage of subjects (n)

Luteinizing hormone (LH) 101 83% (84)
Male LH 1.4 IU/L 82 82% (67)
Female LH 1.1 IU/L 19 89% (17)

Follicle-stimulating hormone (FSH) 101 63% (64)
Male FSH 1.1 IU/L 82 66% (54)
Female FSH 1.3 IU/L 19 53% (10)

Testosterone (males) 10.3 nmol/L 82 100% (82)

Estradiol (females) 101.2 pmol/L 14 43% (6)

Growth hormone Non-detectable (�0.2 mg/L) 101 38% (38)
Males 82 40% (33)
Females 19 26% (5)

Insulin-like growth factor-1 101 77% (78)
Age 16–24 26.8 nmol/L 34 82% (28)
Age 25–39 16.8 nmol/L 32 84% (27)
Age 40–54 13.2 nmol/L 19 84% (16)
Age 55þ 10.4 nmol/L 16 6% (1)

Table 3A. Low (<Fifth Percentile) Somatotroph and Gonadotroph Hormone

Levels by Collection (Post-Injury Days 0–10)

Acutely low collections

Fifth percentile cut-off Total n
Percentage of acutely

low collections (n)

Luteinizing hormone (LH) 606 53% (319)
Male LH 1.4 IU/L 508 50% (254)
Female LH 1.1 IU/L 98 66% (65)

Follicle-stimulating hormone (FSH) 611 46% (278)
Male FSH 1.1 IU/L 512 46% (238)
Female FSH 1.3 IU/L 99 40% (40)

Testosterone (males) 10.3 nmol/L 521 91% (474)

Estradiol (females) 101.2 pmol/L 61 39% (24)

Growth hormone Non-detectable (�0.2 mg/L) 611 13% (77)
Males 505 13% (67)
Females 106 9% (10)

Insulin-like growth factor-1 619 55% (342)
Age 16–24 26.8 nmol/L 196 67% (131)
Age 25–39 16.8 nmol/L 186 66% (123)
Age 40–54 13.2 nmol/L 124 68% (84)
Age 55þ 10.4 nmol/L 113 4% (4)
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1998 also showed, in 22 intubated TBI patients, relatively
normal GH levels acutely, and improving IGF-1 levels at 7
and 15 days post-injury compared to day 2 post-injury (Della
Corte et al., 1998). Patients with poor outcomes had a higher
peak GH in response to thyrotropin-releasing hormone. Agha
and associates in 2004 studied 50 TBI patients with both basal
hormone levels and stimulation testing performed once, on
average 12 days post-injury. Based on a glucagon stimulation
test, 18% of patients had GH deficiency and 16% had adrenal
insufficiency. Low testosterone was seen in 79% of males, and
low estradiol was seen in 90% of pre-menopausal females
(Agha et al., 2004).

More recently, in 2007 Klose and associates studied 46 TBI
patients longitudinally over 1 year, including a one-time

assessment in the acute injury period (between days 0 and 12
post-injury). Relevant to the current study, they also found
low gonadotropins acutely after injury in both men and wo-
men. They also found more suppression with increased injury
severity (Klose et al., 2007b). Kleindienst and colleagues, in a
2009 study of 71 TBI patients (78% mild or moderate TBI; 22%
severe TBI), also showed acute suppression of the gonado-
troph and somatotroph axes, but in lower overall percentages
of patients than in the present study (Kleindienst et al., 2009).
As in the current study, clinical parameters such as imaging
findings, post-injury GCS scores, and outcomes were not
found to be independently predictive of acute pituitary dys-
function. Accordingly, these recent studies suggest that acute
dysfunction of the hypothalamic-pituitary axis may manifest

FIG. 3. Daily mean (� standard deviation) growth hormone (GH) and insulin-like growth factor-1 (IGF-1) levels in male and
female traumatic brain injury patients (n¼ 101). (A) GH (n¼ 101). (B) IGF-1 (age 16–24 years; n¼ 34). (C) IGF-1 (age 25–39
years; n¼ 32). (D) IGF-1 (age 40–54 years; n¼ 19). (E) IGF-1 (age > 55 years; n¼ 16).
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in response to critical illness, independent of TBI. Several
other prior reports of multiple trauma patients without TBI,
and more general ICU populations with critical illness, indi-
cate that suppression of the gonadal axis and suppression of
IGF-1 may not be TBI-specific, and instead can be a general
response to critical illness (Chiolero et al., 1988a; Van den
Berghe, 2003; Van den Berghe et al., 1994, 1997). Additionally,
dopamine infusion in critically ill patients is also associated
with attenuated pulsatile GH and LH secretion, and is asso-
ciated with low testosterone (Van den Berghe and De Zegher,
1996).

Prior studies have shown hypogonadism with low testos-
terone after acute myocardial infarction, elective surgery,
multiple trauma without TBI, and hemorrhagic and ischemic
stroke (Dimopoulou et al., 2005; Woolf et al., 1985). Another
study indicates that low testosterone may persist for several
weeks after injury (Lee et al., 1994). In the present study, no
clinical factors were strongly predictive of gonadotroph
function for either men or women. Given that 100% of men in
both the TBI and ECT cohorts had low testosterone, the cause
of this suppression is likely not directly related to head injury
per se, but instead to critical illness in general. Because of the
severe suppression of gonadal function in all male patients,
serum testosterone showed no decrease with age or BMI, as
has been demonstrated in healthy men (Allen et al., 2002;
Gapstur et al., 2002; Jensen et al., 2004). Regarding somato-
troph function, the association of non-measurable GH levels
with higher BMI and older age is consistent with prior studies
of GH levels in the non-acute care setting (Qu et al., 2005).

Recent studies have shown conflicting evidence about
other independent predictors of pituitary dysfunction in the
acute setting. Klose and associates in 2007 suggested that
acutely elevated ICP predicted pituitary dysfunction at 13
months post-injury in 104 TBI patients (Klose et al., 2007a).
Dimopoulou and colleagues in 2004 reported an association
between severity of CT findings and endocrine hyporespon-
siveness to stimulation testing in 34 TBI patients, with no
predictive value attributable to increased ICP (Dimopoulou
et al., 2004). In the current study, neither ICP nor specific CT
findings were found to predict pituitary dysfunction in mul-
tivariate analyses. Nevertheless, the relatively low yield of CT
findings and ICP in the current study may indicate the utility
of higher-resolution neuroimaging to more effectively predict
pituitary dysfunction. Maiya and co-workers in 2008 discov-
ered specific focal changes in pituitary morphology, pituitary
hemorrhage, infarction, and edema using magnetic resonance
imaging in 41 TBI patients (Maiya et al., 2008). The present
study found that global ischemia is inconsistently associated
with both somatotroph and gonadotroph dysfunction, and
that CT findings are only weakly associated with estradiol
suppression in women; hence there may be a role for MRI in
identifying the pathophysiological processes that underlie
subsequent endocrine disturbances.

Study limitations

This study is limited by the fact that basal hormone levels
were assessed only once daily. Given the known pulsatile
secretory pattern of GH, LH, and FSH, the true pattern of their
release in the acute setting may not be well delineated by
once-daily measurements. Additionally, stimulation tests
were not performed, which better assess the responsiveness of

the hypothalamic-pituitary axis. Although such stimulation
tests were done in some prior studies, they are challenging to
do in the ICU, and we elected not to do so here. Patients in this
acute study that were available for follow-up did undergo
stimulation testing within 6–9 months of injury (Bavisetty
et al., 2008). Further complicating interpretation of these re-
sults is that hepatic production of IGF-1 depends not only on
pituitary GH secretion, but also on nutritional, glycemic, and
thyroid factors, all of which may be altered in the context of
critical illness. Although FSH analysis excluded post-meno-
pausal females, age itself was not accounted for in defining
the lower limit of normal FSH values. We also did not test all
pituitary hormones in this study, although all patients had
daily ACTH and cortisol values obtained. These data were
presented previously, showing that acute adrenal insuffi-
ciency occurs transiently in approximately 50% of moderate
and severe TBI subjects, and is associated with lower blood
pressure and increased vasopressor requirements (Cohan
et al., 2005). We also did not assess thyroid function in this
cohort, given the substantial literature on this topic in critical
illness and in TBI (Agha et al., 2004; Della Corte et al., 1998;
Dimopoulou et al., 2004; Hackl et al., 1991; Klose et al., 2007a;
Woolf et al., 1988).

Potential significance of gonadotroph
and somatotroph suppression

The clinical impact of acutely suppressed testosterone,
estradiol, GH, and IGF-1 in the setting of brain injury is
unknown. However, multiple studies indicate that there may
be consequences of these acute hormonal deficiencies in the short
term, in the subacute recovery phase (2 weeks to 3 months
post-injury), and potentially long-term. Testosterone and es-
trogen have both been shown to be neuroprotective in nu-
merous reports (Chisu et al., 2006; Garcia-Estrada et al., 1993;
Hammond et al., 2001; Huppenbauer et al., 2005; Nguyen
et al., 2005; Ramsden et al., 2003; Roof and Hall, 2000; Sawada
et al., 1998; Sierra et al., 2003; Soustiel et al., 2005; Stein, 2001;
Stein and Hoffman, 2003; Toung et al., 1998; Zhang et al.,
2004). Testosterone is also a key anabolic factor, and androgen
deficiency leads to loss of muscle mass and decreased muscle
strength (Bhasin et al., 2006). Testosterone treatment reverses
muscle loss (Page et al., 2005; Snyder et al., 1999; Wang et al.,
2004). GH deficiency also results in decreased muscle mass,
and treatment with GH has positive effects. The combination
of GH and testosterone has additive or synergistic positive
effects on muscle strength and mass (Harman and Blackman,
2003; Sattler et al., 2009). Thus, the post-trauma decrease in
testosterone and GH levels may lead to delayed recovery and
reduced rehabilitation in patients who suffer trauma. The
profound lowering of serum testosterone in 100% of men, and
suppressed estradiol observed in nearly 50% of women
acutely after TBI, may adversely impact recovery in the acute
phase of injury and in the initial months of recovery. Re-
garding somatotroph function, there are abundant GH and
IGF-1 receptors in the brain. Growth hormone plays an im-
portant role in vascular reactivity, vascular tone, and CNS
repair processes, while IGF-1 is critical in re-myelination and
prevention of demyelination (D’Ercole et al., 1996; Hana et al.,
2002; Napoli et al., 2003; Scheepens et al., 2001, 2000; Silha
et al., 2005; Ye and D’Ercole, 1999; Ye et al., 2002; Zhong et al.,
2005). Non-detectable GH levels were identified in 13% of
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blood samples and in 38% of subjects overall, and low IGF-1
levels were detected in 77% of subjects. Whether these
low levels of IGF-1 preclude or limit early and subacute re-
myelination of axonal shearing injuries is unclear. The acute
and subacute clinical benefit of replacing GH or IGF-1 to
normal physiological levels is also unclear. A study by Takala
and associates of critically ill adults found that GH therapy at
high doses was associated with increased mortality (Takala
et al., 1999).

Conclusions

During the first 10 days after complicated mild, moderate,
or severe TBI, circulating levels of LH, FSH, testosterone,
and IGF-1 declined in the majority of patients, while GH levels
typically remained normal to mildly elevated. That similar
patterns of decline in LH, FSH, testosterone, and IGF-1 were
seen in non-head injured extracranial trauma patients sug-
gests that these hormonal declines are not head-injury-
specific, and instead are more likely related to the general
stress of critical illness. The short- and long-term impact of
acutely low testosterone, estradiol, GH, and IGF-1 levels
warrants further investigation, given the potential neuropro-
tective roles of these hormones in the setting of TBI. The po-
tential clinical benefits of providing physiological hormone
replacement therapy to hormonally-deficient TBI patients
during the acute and subacute post-injury period warrant
further study.
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