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Neurobehavioral and Quality of Life Changes Associated
with Growth Hormone Insufficiency after Complicated
Mild, Moderate, or Severe Traumatic Brain Injury

DANIEL F. KELLY,* DAVID L. McCARTHUR,! HARVEY LEVIN,’
SHANA SWIMMER,! JOSHUA R. DUSICK,! PEJMAN COHAN,?
CHRISTINA WANG,34 and RONALD SWERDLOFF3*

ABSTRACT

Adult-onset growth hormone deficiency (GHD) has been associated with reduced quality of life
(QOL) and neurobehavioral (NB) deficits. This prospective study tested the hypothesis that trau-
matic brain injury (TBI) patients with GHD or GH insufficiency (GHI) would exhibit greater
NB/QOL impairment than patients without GHD/GHI. Complicated mild, moderate, and severe
adult TBI patients (GCS score 3-14) had pituitary function and NB/QOL testing performed 6-9
months postinjury. GH-secretory capacity was assessed with a GHRH-arginine stimulation test and
GHD and GHI were defined as peak GH <6 or =12 ng/mL (5th and 10th percentiles of healthy
control subjects, respectively). Of 44 patients (mean age, 32 * 18 years; median GCS, 7), one (2%)
was GHD, seven (16%) were GHI, and 36 (82%) were GH-sufficient at 6-9 months post-injury.
Mean peak GH was 8.2 = 2.1 ng/mL in the GHD/GHI group versus 45.7 = 29 ng/mL in the GH-
sufficient group. The two groups were well-matched in injury characteristics, except that one pa-
tient with GHD had central hypogonadism treated with testosterone prior to NB/QOL testing. At
6-9 months postinjury, patients with GHD/GHI had higher rates of at least one marker of depres-
sion (p < 0.01), and reduced QOL (by SF-36 Health Survey) in the domains of limitations due to
physical health (p = 0.02), energy and fatigue (»p = 0.05), emotional well-being (p = 0.02), pain (p =
0.01), and general health (p = 0.05). Chronic GHI develops in approximately 18% of patients with
complicated mild, moderate, or severe TBI, and is associated with depression and diminished QOL.
The impact of GH replacement therapy on NB function and QOL in these TBI patients is being
tested in a randomized placebo-controlled trial.

Key words: growth hormone deficiency; hypopituitarism; insulin-like growth factor—1; neurobehavioral;
pituitary failure; quality of life; traumatic brain injury
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INTRODUCTION

ESPITE INCREASINGLY EFFECTIVE efforts in prevention,

traumatic brain injury (TBI) remains a leading cause
of mortality and morbidity around the world. In the United
States, TBI is still the leading cause of disability among
children and young adults (NIH, 1999; Adekoya et al.,
2002). Each year approximately 500,000 persons sustain
TBI in the United States, and a substantial proportion of
the survivors have residual neurobehavioral (NB) seque-
lae such as memory and concentration deficits, depression,
fatigue, and anxiety (NIH, 1999; Hellawell et al., 1999;
Kraus and McArthur, 1996; Levin et al., 1990; Narayan et
al., 2002). Although it has been suggested in recent cohort
studies and reviews that post-TBI neurocognitive and qual-
ity of life (QOL) sequelae may, in part, be related to un-
treated neuroendocrine dysfunction, this possibility re-
mains under-studied and unresolved (Agha et al., 2004;
Aimaretti et al., 2004; Casanueva et al., 2004; Ghigo et al.,
2005; Kelly et al., 2000; Lieberman et al., 2001; Popovic
et al., 2004; Schneider et al., 2005; Urban et al., 2005).
Because the pituitary gland is confined within the sella tur-
cica by the diaphargma sella but tethered to the hypothal-
amus by the infundibulum, the hypothalamic-pituitary axis
is susceptible to both mechanical and vascular insults (Ce-
ballos, 1966; Daniel, 1963; Daniel et al., 1959; Komnblum
and Fisher, 1969). Further injury to these neuroendocrine
structures may result from secondary insults such as hy-
potension, hypoxia, severe anemia, and brain swelling
(Chesnut et al., 1993a; Kelly et al., 2000). A number of
cohort studies published since 2000 have documented that
long-term pituitary dysfunction following moderate or se-
vere TBI occurs in 25-40% of patients (Agha et al., 2004,
2005b; Aimaretti et al., 2004, 2005; Bondanelli et al., 2004,
Kelly et al., 2000; Leal-Cerro et al., 2005; Lieberman et
al., 2001; Popovic et al., 2004). The somatotroph axis ap-
pears to be the most vulnerable, with estimates of growth
hormone (GH) deficiency (GHD) of 6-25% in tested TBI
patients. In contrast, thyrotroph and corticotroph defi-
ciency are relatively uncommon, with rates averaging
4-6%, while the gonadotroph axis appears to have inter-
mediate rates of dysfunction, averaging 8-12% (Agha et
al., 2004, 2005b; Aimaretti et al., 2004, 2005; Bondanelli
et al., 2004; Kelly et al., 2000; Leal-Cerro et al., 2005;
Lieberman et al., 2001; Popovic et al., 2004).

GHD may be particularly relevant to the chronic re-
covery phase after TBI given that (1) it has been associ-
ated with NB impairment and reduced QOL, which is
qualitatively similar in many aspects to that observed in
TBI victims (Abs et al., 2005; Bengtsson et al., 1993;
Blum et al., 2003; Deijen et al., 1996; Feldt-Rasmussen
et al., 2004; Giusti et al., 1998; Hellawell et al., 1999,
Koltowska-Haggstrom et al., 2005; Levin et al., 1990);

(2) it has been associated with somatic derangements, in-
cluding decreased lean body mass, poor exercise capac-
ity, diminished bone mineral density, and increased fat
mass, which may also contribute to poor QOL after TBI
(Bengtsson et al., 1993; Feldt-Rasmussen et al., 2004,
Gotherstrom et al., 2001; Rosen et al., 1997); and (3) GH
replacement therapy reportedly improves NB function
and QOL in patients with adult-onset GHD (Arwert et
al., 2005a,c; Bengtsson et al., 1993; Blum et al., 2003;
Feldt-Rasmussen et al., 2004; Giusti et al., 1998; Maha-
jan et al., 2004; Mukherjee et al., 2005; Soares et al.,
1999; Svensson et al., 2004; Wiren et al., 1998).

We thus hypothesized that (1) GHD, either as a pri-
mary factor or acting in a synergistic manner with the
residual effects of brain injury, could limit maximal re-
covery after TBL, and (2) patients with chronic GHD
would have worse NB deficits and a reduced QOL com-
pared to those without GHD. To test these hypotheses,
patients in the chronic phase after moderate or severe TBI
underwent anterior and posterior pituitary function test-
ing, including a GH-releasing hormone (GHRH)-argi-
nine stimulation test to assess GH-secretory capacity
(Aimaretti et al., 2001; Ghigo et al.,, 2001; Qu et al,
2005). Using the criteria described below, patients with
GHD were compared to those with normal GH-secretory
capacity using NB and QOL outcome measures. Given
that the definition and absolute threshold for adult-onset
GHD continues to be somewhat controversial (Aimaretti
et al., 1998), we chose to define GH-secretory capacity
at two cut-points of GHD and GH insufficiency (GHI),
which correspond to the 5th and 10th percentile levels of
peak GH in response to the GHRH-arginine stimulation
test in a healthy control cohort.

METHODS
Approval

The Institutional Review Boards of each participating
medical center approved this study. In the acute injury
phase, informed proxy consent was obtained within 48 h
of admission to Harbor-UCLA or UCLA Medical Cen-
ters, and within 24 h of admission to UC Davis Medical
Center. Patients provided consent for study participation
in the chronic phase (3-9 months after TBI) prior to pi-
tuitary stimulation testing and NB/QOL testing.

Enrollment Criteria and Initial Traumatic Brain
Injury Management

Enrollment criteria for this prospective study included
(1) age 14-80 years and admitted to the intensive care
unit (ICU) of one of three Level 1 trauma centers within
24 h of injury, (2) an initial head computed tomography

929



KELLY ET AL.

(CT) showing acute intracranial hemorrhage, (3) a post-
resuscitation Glasgow Coma Scale (GCS) score of 3-14
or a deterioration to a GCS of =14 within 24 h of ad-
mission. Patients were further categorized as sustaining
a complicated mild TBI (GCS 13-14), moderate TBI
(GCS 9-12), or severe TBI (3-8) (Borgaro et al., 2003;
Teasdale and Jennett, 1974), and (4) recovery at 6-9
months post-injury to a Glasgow Outcome Scale-Ex-
tended (GOS-E) category of lower or better severe dis-
ability and able to participate in NB testing. Patients were
excluded if they were pregnant, or had cancer, AIDS, se-
vere neurological or psychiatric illness, pre-existing
adrenal or pituitary insufficiency, or had received gluco-
corticoids within 3 months of injury.

All patients were admitted to the ICU after initial sta-
bilization or after craniotomy for intracranial hematoma
evacuation. Patient management was in accordance with
the Guidelines for the Management of Severe Head Injury
(Bullock et al., 1996), including an algorithm for main-
taining intracranial pressure (ICP) at <20 mm Hg and cere-
bral perfusion pressure (CPP) above 60-70 mm Hg.

Acute Hormonal Testing

As recently described, all patients had serial adreno-
corticotrophic hormone (ACTH) and cortisol blood draws
at 6 a.m. and 4 p.m. while in the ICU (Cohan et al., 2005).
Adrenal insufficiency was defined as two consecutive
cortisol values of <15 ug/dL or one cortisol level of
<5 ug/dL. In the majority of patients, daily 6 a.m. serum
samples for insulin-like growth factor-1 (IGF-1) were
also obtained. Urine specific gravity was recorded on a
daily basis.

Pituitary Stimulation Testing

At 3 months and again at 6 months post-injury, patients
were scheduled for dynamic anterior pituitary function test-
ing in the General Clinical Research Center of their re-
spective hospitals between 8 a.m. and 12 noon after an
overnight fast. However, complete pituitary stimulation and
NB/QOL testing were deferred up to 9 months post-injury
in some patients due to logistical problems. Patients diag-
nosed with adrenal insufficiency, hypothyroidism, or hy-
pogonadism at the initial stimulation testing were placed
on appropriate hormone replacement therapy, and thera-
peutic replacement was confirmed in any of these deficient
axes prior to undergoing NB/QOL testing. In this way,
when NB/QOL testing was performed at the 6-9-month
post-injury time point, the only possible untreated hormonal
deficiency present was for GH.

The following tests were performed after baseline
blood draws at —30 min and time zero: (1) GHRH-argi-
nine stimulation test to assess somatotroph function

(Aimaretti et al., 1998, 2001; Ghigo et al., 2001); (2)
low-dose cortrosyn stimulation test to assess corti-
cotroph function (Abdu et al., 1999; Zarkovic et al.,,
1999); (3) gonadotropin-releasing hormone (GnRH)
stimulation test to assess gonadotroph function, by mea-
suring both leutinizing hormone (LH) and follicle-stim-
ulating hormone (FSH); (4) measurement of free T4, to-
tal T4, and thyroid-stimulating hormone (TSH) for
thyrotroph function; and (5) measuring of prolactin to
assess lactatroph function. Immediately after a time zero
blood draw, a 30-min arginine infusion (30 g over 30
min) was started, and injections of GHRH (1 pg/kg),
cortrosyn 1 ug, and GnRH 100 pg TV were given. Blood
draws were then performed at 15, 20, 30, 60, 90, and
120 min for the various anterior pituitary hormones and
their target hormones. Posterior pituitary function was
assessed by obtaining urine sodium, osmolality and spe-
cific gravity within the hour prior to time zero and serum
sodium, BUN, creatinine, osmolality, and arginine va-
sopressin (AVP) at time zero.

Hormone Analysis

Serum samples for all hormones, including GH, were
stored at —20°C before assay by the GCRC Core Labo-
ratory of the Harbor—-UCLA Medical Center. GH was
measured by an enzymatically amplified “two-step”
sandwich-type immunoassay with reagents obtained from
DSL (DSL-10-1900 hGH ELISA; Webster, TX) and val-
idated at the Core Laboratory of the Harbor-UCLA Med-
ical Center GCRC. The lower limit of quantitation is 0.1
ug/L. The intra-assay and inter-assay coefficients of vari-
ation are less than 8% and 14%, respectively. The re-
covery of GH from serum spiked with 0.1-15 pg/L of
GH was 92-112%.

Healthy Control Cohort and Definition of
Growth Hormone Deficiency

Healthy subjects were recruited by advertisements
posted at Harbor-UCLA and UCLA Medical Centers.
Those with previous diagnoses of endocrine diseases, cur-
rently on hormone replacement therapy, and pregnant fe-
males or those on birth control pills for the past 3 months
were excluded. Although not studied at the same phase of
the menstrual cycle, all women reported a history of reg-
ular menses. All male subjects had normal serum total
testosterone concentrations. Healthy subjects who had
GHRH-arginine testing consisted of 41 volunteers (19
males, 22 females), aged 20-50 years, with Body Mass
Index (BMI) of 16-32.5; GHD and GHI were defined as
a peak GH of <6 ng/mL (below 5th percentile) and <12.1
ng/mL (below 10th percentile), respectively (Qu et al.,
2005). From our study, peak GH response to GHRH-argi-
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nine had a significant negative correlation with BMI, and
gender differences in peak GH response became insignif-
icant when BMI was taken into consideration.

Neurobehavioral and Quality of Life Testing

As detailed in Table 1, all patients underwent NB/QOL
testing at 6-9 months post-injury and within 2 weeks of
undergoing pituitary stimulation testing. The NB testing
battery assessed the five domains of memory, concentra-
tion, depression, anxiety, and fatigue (Buschke and Fuid,
1974; McCauley et al., 2001a,b; Radloff, 1977; Rey, 1941;
Smith, 1973). These specific domains were selected be-
cause prior studies indicate such deficits often persist fol-
lowing TBI as well as in patients with adult-onset GHD
(Arwert et al., 2005ab.c; Deijen et al., 1996, 1998,
Hellawell et al., 1999; Levin et al., 1990; Rollero et al.,
1998; van Dam et al., 2000). Scores for each specific test
within the five NB domains were recorded as either above
or below the threshold for abnormality in that domain. For
example, if any of the three tests administered to assess
for depression were abnormal, the patient was classified

as having depression. From these scores, a total number
of NB deficits, ranging from O to 5, was calculated as an
index of total impairment, with one point given for any
abnormal test in each of the five NB domains.

Two QOL measures were also performed including the
Quality of Life-Assessment of GH Deficiency in Adults
(QOL-AGHDA), which uses a 20-point scale, and the SF-
36 Health Survey, which tests eight “health concepts” and
has a 0-100-point scale (Blum et al., 2003; Findler et al.,
2001; Koltowska-Haggstrom et al., 2005; MacKenzie et al.,
2002; McGauley et al., 1990; McKenna et al., 1999; Ware
and Sherbourne, 1992). Additional global outcome mea-
sures included the eight-point GOS-E and the Disability
Rating Scale (DRS), which uses a 30-point scale (Teasdale
etal., 1998; Wagner et al., 2002; Wilson et al., 1998, 2000).

Testing was performed in a quiet setting over a 2-3-h
period at one of the participating medical centers. The
neuropsychologist performing the tests had no knowledge
of the subjects’ hormonal status. If stimulation testing
documented deficiencies of thyroid, cortisol, testosterone
(men), or estrogen (women), NB/QOL testing was re-
peated after hormone replacement therapy had been in-

TaBLE 1. NEUROBEHAVIORAL AND QuaLrty oF LiFE TESTING BATTERY

Global outcome measures
Glasgow Outcome Scale—Extended
Disability Rating Scale

Neurobehavioral domain Test used

Criteria for impairment

Memory impairment

Buschke Selective Reminding Test

Continuous Long-Term Retrieval (CLTR) Score <1

Rey Complex Figure Score <7
Concentration/attention deficits Digit Symbol Modalities—written Score <40

Digit Symbol Modalities—oral Score <50
Depression Neurobehavioral Rating Scale Depression score >1

CES-Depression Scale Score >16

Hospital Anxiety—-Depression Scale Score >7
Anxiety Hospital Anxiety-Depression Scale Anxiety score >12
Fatigue Neurobehavioral Rating Scale Fatigue score >1

Aggregate Neurobehavioral Score

One point each for impairment in memory,

concentration, depression,
anxiety or fatigue (range 0-5)

Quality of life measures
SF-36

Physical functioning
Limitations due to physical health

Limitations due to emotional health
Energy and fatigue

Emotional well-being

Social functioning

Pain

General health

Quality of Life-Assessment of GHD in Adults

CES, Center for Epidemiological Studies; GHD, growth hormone deficiency.
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stituted with documented normal hormonal levels of all
axes, with the exception of GH replacement therapy.

Injury Characteristics Potentially Associated with
Growth Hormone Deficiency or Insufficiency

Clinical parameters. Age, post-resuscitative GCS
score, post-resuscitative pupillary status (both normal,
one abnormal, both abnormal), Injury Severity Score
(ISS), length of ICU stay, and 6-month GOS-E score were
recorded for each subject (Jennett and Bond, 1975).

Ischemia factors. Factors associated with possible
ischemic insult to the hypothalamic-pituitary axis in-
cluded hypotension (systolic blood pressure <90 mm
Hg) or severe anemia (hematocrit <25%) during the pa-
tients’ ICU stay or hypoxia (PaO, <60 mm Hg, S,02
<90%, within 24 h of injury, or agonal respirations or
apnea in the field (Ariza et al., 2004; Chesnut et al,
1993b; Jiang et al., 2002; Marmarou et al., 1991; Miller
et al., 1978). As described in our recent report on acute
adrenal insufficiency after TBI, an ischemia score rang-
ing from O to 3 was also calculated for each subject, with
1 point each for hypotension, hypoxia or severe anemia
(Cohan et al., 2005).

Computed tomography findings. The following find-
ings of intracranial injury, all of which have been asso-
ciated with worse long-term outcome after TBI, were
recorded from patients’ first and second CT scans ob-
tained within 24 h of injury: basilar cistern compression,
diffuse brain swelling, evacuated acute subdural
hematoma (SDH), evacuated intracerebral hematoma
(ICH), multiple contusions, subarachnoid hemorrhage,
hypothalamic hemorrhagic or swelling, diffuse punctuate
(subcortical) hemorrhage (consistent with shearing in-
juries), and skull/facial fractures (calvarial, skull base,
sphenoid, or facial) (Eisenberg ct al., 1990; Glenn et al.,
2003; Kraus et al., 2003; Tomei et al., 1991). An aggre-
gate CT score from O to 10 was calculated for each pa-

tient, with one point added for each of the above CT find-
ings.

Intracranial pressure, CPP, and blood pressure. For
patients in whom an ICP monitor was placed, mean and
maximal ICP and CPP, total hours where ICP was >20
mm Hg, and total hours where CPP was <50 mm Hg
were recorded (Jiang et al., 2002; Marmarou et al., 1991;
Marshall et al., 1991a,b; Sarrafzadeh et al., 2001). Hourly
mean arterial pressure (MAP) was also recorded.

Acute adrenal insufficiency and diabetes insipidus sta-
tus. Patients were categorized as to whether or not they
developed acute adrenal insufficiency (AI) as recently de-
fined based on serial serum cortisol blood draws (Cohan
et al., 2005). Patients were defined as having Al if two
consecutive cortisol levels were =15 ug/dL or one cor-
tisol level was <5 ug/dL. Subjects were categorized as
having acute diabetes insipidus if they had a urine spe-
cific gravity of =1.005 with a urine output of greater than
300 mL/h for 2 h or more, and required treatment with
desmopressin acetate (DDAVP).

Body Mass Index calculations. BMI was calculated
acutely after injury based on patients’ height and weight
taken within 24 h of injury. The BMI was recalculated at
the time of stimulation testing 6-9 months post-injury.
Changes in BMI acutely and at 6-9 months were compared
between GHD/GHI patients and those with GH sufficiency.

Statistical Analysis

For purposes of this report, given the relatively smail
number of patients, those with GHD and GHI were
grouped together, so that all comparisons presented are
between the group of eight patients whose peak GH val-
ues were below the 10th percentile (<12.1 ng/mL) and
the 36 patients whose values were above the 10th per-
centile. Data with approximately normal distributions are
summarized with mean * SD. Data with skewed distri-

TapLE 2. HorMoNAL Resurts ano BMI Caances in GHD/GHI vErsus GH-SUFFICIENT PATIENTS

GHD/GHI, GH-sufficient,
Test n=8(18%) n = 36 (82%) p-value
Peak GH after GHRH-arginine 82+ 21 457 + 290 nfa
Baseline IGF-1 at stimulation testing 206 + 69 262 + 93 0.20
BMI at time of injury 28.7 £ 2.7 25.1 * 47 0.01
BMI at time of stimulation testing 276 £ 23 246 = 25 0.01

aMeasures are summarized as mean * SD, standard deviation, and compared using the Yuen-Welch robust test.
BMI, Body Mass Index; GH, growth hormone; GHD, GH deficiency; GHI, GH insufficiency; GHRH, GH-releasing hormone;

IGF-1, insulin-like growth factor—1.
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butions (age, GCS, ISS, CT score, durations of ICU and
hospitalization, and total number of NB deficits) are sum-
marized with percentiles. Comparisons between the two
groups (GHD/GHI vs. non-GHD) were performed with
t-tests for normally distributed data, Mann-Whitney tests
for skewed data, Fisher’s exact tests for percentages, and
the Yuen-Welch robust test for group differences in
means trimmed by 20% (Yuen, 1974) using R version
2.1.1. Robust analyses are appropriate for small sample
sizes with unequal variances, as single outliers can exert
substantial and potentially misleading leverage on statis-
tical estimates (Keselman et al., 2004; Wilcox, 1997).

RESULTS
Patient Enrollment and Study Attrition

Between June 2002 and September 2004, 129 patients
were enrolled into the acute phase (immediately after

head injury) of our hypopituitarism after TBI study. A
total of 33 patients died during this phase; an additional
six received steroids acutely and were dropped from fur-
ther study. A total of 13 were lost to follow-up before
the 6-month contact. Re-consenting of participants could
not be completed for 23 persons. Eight patients either did
not appear for their appointed re-contact or remained too
neurologically impaired to participate further; two did not
provide complete testing. The final number of subjects
included in the following analyses was 44.

Rate of Growth Hormone Deficiency and
Insufficiency and Body Mass Index Changes

Pituitary stimulation testing with GHRH-arginine per-
formed at 6-9 months post-injury (median, 7 months)
identified one patient (2%) with GHD, seven patients
(16%) with GHI, and 36 patients (82%) with GH suffi-
ciency, for a total rate of GHD/GHI of 18%. One patient

TasLE 3. INpivipuaL INJURY CHARACTERISTICS OF PaTiENTs with GHD/GHI*

Patient Hypotension/ Lowest Abnormal Hours cT
age/sex GCS FAN Mechanism hypoxia Hct pupils ICP > 20 findings GOS-E
21F 7 30 Fali Yes/mo 27 2 27 MLS, DS, 4
AC, SDH,
MC, HYS,
FX
21 M 3 48 Peds-auto Yes/yes 22 2 24 DS, SI 5
24 M 8 16 Fall No/no 34 0 N.D. MC, SAH, 6
FX
28 M 10 25 GSW No/no 26 0 1 MLS, DS, 5
AC, ICH,
SAH, FX
2M 3 38 MCA Yes/yes 30 2 33 DS, SAH, 3
SI, FX
42 M 15 25 Fall No/no 33 0 N.D. DS, MC, 7
SAH, SI
FX
38 M 7 9 Fall No/no 35 0 0 DS, MC, 5
SAH
62 M 11 25 Peds-auto Yes/no 32 0 47 DS, AC, 4
ICH, MC,
SAH,
HYS, SI,
FX

»GCS, post-resuscitation Glasgow Coma Scale score. Mechanism: peds-auto, pedestrian vs. auto; GSW, gunshot wound; MCA,
motorcycle accident. Hours ICP >20 mm Hg: N.D., no ICP monitoring performed. CT findings, MLS—midline shift >4 mm; DS,
diffuse swelling; AC, abnormal cisterns; SDH, evacuated subdural hematoma; ICH, evacuated intracerebral hematoma; MC, multi-
ple contusions; SAH, subarachoid hemorrhage; HYS, hypothalamic swelling or hemorrhage; SI, shearing injuries (diffuse subcorti-
cal punctuate hemorrhage); FX, calvarial or facial fractures. GOS-E, extended Glasgow Outcome Scale score: 7, lower good recov-
ery; 6, upper moderate disability; 5, lower moderate disability; 4, upper severe disability; 3, lower severe disability.

bPatient deteriorated to GCS <15 within 24 h of admission.

GH, growth hormone; GHD, GH deficiency; GHI, GH insufficiency; ISS, Injury Severity Score; Het, hematocrit; ICP, intracra-

nial pressure; CT, computed tomography.
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with GHD also had central hypogonadism and was placed
on testosterone replacement with normalization of his to-
tal and free testosterone level prior to repeat stimulation
testing and NB/QOL testing.

As seen in Table 2, grouping the GHD and GHI patients
together, the peak GH after GHRH-arginine was 8.2 = 2.1
ng/mL in the GHD/GHI group versus 45.7 + 29.0 ng/mL
in the GH-sufficient group. The mean acute post-injury
BMI was higher in patients with GHD/GHI compared to
that for GH-sufficient patients (28.7 & 2.7 vs. 25.1 = 4.7,
respectively; p < 0.01) and remained higher at the time of
stimulation testing 6-9 months post-injury (p < 0.01).

Injury Characteristics

As shown in Table 3, the eight patients with GHD/GHI
sustained relatively extensive brain injuries, often compli-

cated by hypotension, hypoxia, and/or raised ICP; all eight
patients had multiple CT findings, including seven (88%)
with diffuse brain swelling. However, as shown in Table
4, the patients with GHD/GHI were similar to the GH-suf-
ficient patients in age, ISS, GCS, pupillary changes, length
of ICU and hospital stay, ischemia score, and ICP and CPP
measures. The presence of acute adrenal insufficiency and
diabetes insipidus were also similar between groups. Over-
all, CT scan findings were also similar in the two groups
of TBI patients, apart from a trend for higher aggregate CT
scores in patients with GHD/GHI (p = 0.09) (Table 5).

Neurobehavioral and Quality
of Life Comparisons

As shown in Table 6, the GHD/GHI and GH-sufficient
groups were similar in terms of GOS-E and DRS scores

TaBLE 4. AcuTE INJury CHARACTERISTICS OF GHD/GHI vERsUs GH-SUFFICIENT PATIENTS?

GHD/GHI, GH-sufficient,
Characteristic n =8 (18%) n = 36 {(82%) p-value
Mean age * SD 36 £ 16 32 + 18 0.52
[range] [21-62] [14-77]
Male gender 7 (88%) 26 (72%) 0.66
Median post-resuscitation GCS (i.q.r.) [range] 7.5 (6-10) 7.5 (7-9) 1.00
[3-15} [3-15]
Severe TBI (pre-resuscitation GCS =8) 5 (62.5%) 25 (69%) 1.00
Median ISS [range} 25 (23-32) 29 (25-42) 0.70
[9-48] [10-66]
Abnormal pupils (one or both) 3 (37.5%) 13 (36%) 1.00
Hypotension 4 (50%) 19 (53%) 1.00
Hypoxia 2 (25%) 10 (28%) 1.00
Anemia 1 (13%) 6 (17%) 1.00
Median Ischemic Score® [range] 0.5 (0-1.25) 1.0 (0-1.25) 0.66
[0-3] [0-3]
Acute ICP and CPP course®
Mean ICP mm Hg = SD 14*3 143 0.98
Hours ICP >20 mm Hg 24 £ 17 17 £ 15 0.40
Mean CPP mm Hg * SD 78 * 88 76 =9 0.52
Hours CPP <50 mm Hg 15 £ 25 6*+9 0.58
Acute hormonal changes
Acute adrenal insufficiency 5 (62.5%) 19 (53%) 0.71
Acute diabetes insipidus 0 2 (5.6%) 1.00
Median days of ICU stay (i.q.r.) 12 (5.7-24.7) 10 (5.0-18.5) 0.77
[range] [3-37] [1-46]
Median days of hospitalization (i.q.r.) 18 (7.75-29.5) 16 (9.0-29.5) 0.94
[range] [3-42] [3-49}

aPercentages are compared using Fisher’s exact test. Interval measures are summarized as medians [i.q.r.]: 25th percentile (75th
percentile), and compared using the Mann-Whitney test. Continuous measures are summarized as means = standard deviation

(SD), and compared using the r-test.

b[schemia Score is comprised of 1 point for each of hypotension, hypoxia, and anemia.

S[CP and CPP not assessed in two GHD/GHI cases and 19 GH-sufficient cases.

GH, growth hormone; GHD, GH deficiency; GHI, GH insufficiency; GCS, Glasgow Coma Scale; TBI, traumatic brain injury;
ISS, Injury Severity Score; ICP, intracranial pressure; CPP, cerebral perfusion pressure; ICU, intensive care unit.
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TasLE 5. Acute CT Finpings For GHD/GHI PaTients VERSUS GH-SUFFICIENT PATIENTS®

GHD/GHI, GH-sufficient,
CT finding n = &8 (18%) n = 36 (82%) p-value
Midline shift >4 mm 2 (25%) 8 (40%) 1.00
Diffuse brain swelling 7 (88%) 21 (58%) 0.22
Hypothalamic swelling or hemorrhage 2 (25%) 6 (17%) 0.62
Effaced cisterns 3 (38%) 16 (44%) 1.00
Subarachnoid hemorrhage 6 (75%) 16 (44%) 0.24
Evacuated SDH 1 (12.5%) 7 (19%) 1.00
Evacuated ICH or contusion 2 (25%) 1 (3%) 0.08
Multiple contusions 5 (62.5%) 16 (44%) 0.45
Shearing injuries (deep punctuate hemorrhage) 4 (50%) 10 (28%) 0.40
Cranial or facial fracture 6 (75%) 17 (47%) 0.25
Median aggregate CT score (i.q.r.) [range] 4.5 (3.0-6.5) 3 (2.0-5.0) 0.09
[2-8) [0-8]

Percentages are compared using Fisher’s exact test. Interval measure is summarized as median (interquartile range [i.q.r.]: 25th
percentile to 75th percentile), and compared using the Mann-Whitney test.
CT, computed tomography; GH, growth hormone; GHD, GH deficiency; GHI, GH insufficiency; SDH, subdural hematoma;

ICH, intracerebral hematoma.

recorded at 6-months post-injury or later. However, in
comparison to the GH-sufficient group, the GHD/GHI
cohort had higher rates of at least one indicator of de-
pression (100% versus 47%; p < 0.01) and a trend of a
higher number of total NB deficits that included the five
domains of memory, concentration, depression, anxiety,
and fatigue (p = 0.07). As seen in Table 7, QOL was
worse in the GHD/GHI group compared to the GH-suf-
ficient group in multiple domains as measured by the
SF-36, including limitations due to physical health
(p = 0.02), energy and fatigue (p = 0.05), emotional
well-being (p = 0.02), pain (p =0.01), and general
health (p = 0.05). However, the QOL-AGHDA was sim-
ilar between the two groups.

DISCUSSION

In this cohort of 44 moderate and severe TBI patients,
eight patients or 18% of the total cohort met the criteria
for GHD/GHI at 6-9 months post-injury. Acutely, the
GHD/GHI patients were similar in overall injury charac-
teristics to the 36 GH-sufficient patients, although there
was a weak trend of a higher aggregate CT score, sug-
gesting a greater degree of overall parenchymal brain in-
jury in the patients with GHD/GHI. At 6-9 months post-
injury, the GHD/GHI group exhibited higher rates of
depression and a lower QOL in the domains of physical
health, energy, pain, emotional well-being, and general
health.

Defining Growth Hormone Deficiency

The diagnosis of GH deficiency is established by
documenting a low age-adjusted IGF-1 level or by a
provocative stimulation test, typically with the insulin
tolerance test or the GHRH-arginine assessment used
in this study (Aimaretti et al., 1998; Gharib et al,,
2003). The importance of using a stimulation test for
diagnosing GHD is emphasized by the fact that, in ap-
proximately one-third of such patients, the age-adjusted
IGF-1 level is normal, and the diagnosis is only con-
firmed by stimulation testing (Hoffman et al., 1994).
Although our definition of inadequate GH production
was more relaxed than the range of normal limits used
in clinical settings, we justified using a less restrictive
threshold of the 10th percentile value of a healthy con-
trol cohort to detect more subtle abnormalities of so-
matotroph function that might have implications for
outcome and clinical management. An additional con-
sideration is that the GHRH-arginine test may poten-
tially result in an under-diagnosis of hypothalamic-pi-
tuitary damage, because administration of GHRH
allows potential hypothalamic dysfunction to be by-
passed. In contrast, the insulin tolerance test, which is
often considered to be the “gold standard” for diag-
nosing GHD, was not used in this study given the risk
of hypoglycemic-induced seizures in TBI patients who
were already at risk for post-traumatic epilepsy
(Aimaretti et al., 1998; Ghigo et al., 2001). An addi-
tional consideration is that the mean BMI was higher
in the GHD/GHI patients than the GH-sufficient pa-
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TABLE 6. GLoBAL QUTCOME AND NEUROBEHAVIORAL QUTCOME?

GHD/GHI, GH-sufficient,
Measure n=3_§ n =36 p-value
GOSE® 49 + 12 55%14 0.80
DRS¢ 25+ 13 2021 0.11
Memory
Buschke Selective Reminding-CLTR® 246 = 11.7 26.1 = 169 0.82
Score *+ 31 5/8 (63%) 23/34 (68%) 1.00
Rey Complex Figure® 121 + 7.6 169 = 8.8 0.12
Score <7 2/8 (25%) 6/36 (17%) 0.62
Memory deficit present 5/8 (63%) 23/36 (64%) 1.00
Concentration
Digit Symbol-Written® 366 * 194 414 = 16.1 0.13
Score <40 6/8 (15%) 17/36 (47%) 025
Digit Symbol-Oral® 377 = 132 503 = 19 0.09
Score <50 57 (71%) 15/36 (42%) 0.68
Concentration deficit present 6/8 (75%) 19/36 (53%) 0.43
Depression
Neurobehavioral Rating Scale® 2.1 £ 06 1.7 £ 09 0.02
Score >1 7/8 (88%) 17/36 (47%) 0.05
CES-Depression® 199 = 104 9.4 * 10.6 0.04
Score >16 57 (11%) 7/36 (19%) 0.01
Hospital Anxiety—-Depression® 69 = 4.2 32*+39 0.05
Score >7 3/7 (43%) 7/36 (19%) 0.32
Depression deficit present 8/8 (100%) 17/36 (47%) 0.01
Anxiety
Hospital Anxiety® 51+ 38 45 *39 0.84
Score >12 0/7 (0%) 0/36 (0%) —
Neurobehavioral Rating Scale—Anxiety® 2726 1.8 =08 0.42
Score >1 6/8 (75%) 20/36 (56%) 0.44
Anxiety Deficit present 6/8 (75%) 20/36 (56%) 0.44
Fatigue
Neurobchavioral Rating Scale-Fatigue® 1.4 £ 0.5 1.3 £ 0.5 0.50
Fatigue deficit present 3/8 (38%) 10/36 (28%) 0.68
Total number of neurobehavioral deficits® 352.79-5) 2 (1.7-4) 0.07

aPercentages are compared using Fisher’s exact test. Interval measures are summarized as medians (interquartile range [i.q.r.]:
25th percentile to 75th percentile), and compared using the Mann-Whitney test. Continuous measures are summarized as mean *
standard deviation (SD), and compared using the Yuen-Welch robust test.

PHigher scores represent better health.
“Lower scores represent better health.

GH, growth hormone; GHD, GH deficiency; GHI, GH insufficiency; GOSE, extended Glasgow Outcome Scale score; DRS,
Disability Rating Scale; CLTR, Continuous Long-Term Retrieval; CES, Center for Epidemiological Studies.

tients, both at time of injury and at the time of stimu-
lation testing. We (Qu et al, 2005) and others (Biller et
al., 2002) have previously demonstrated a negative cor-
relation between BMI and GH response to provocative
stimuli. However, the influence of BMI and other fac-
tors on GH response remains an area of active investi-
gation, and current clinical guidelines for defining and
treating GHD are independent of BMI (Gharib et al.,
2003).

Frequency of Growth Hormone
Deficiency/Insufficiency after
Traumatic Brain Injury

Prior cohort studies, including our own, indicate that
the somatotrophs are particularly vulnerable to the pri-
mary and secondary injuries associated with moderate
and severe TBI, with rates of post-TBI GHD of 6-25%
in patients studied at least 3 months or more after injury
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TasLE 7. Quarity or Lire QutrcomEs

GHD/GHI, GH-sufficient,
Measure* n=2_§ n = 36 p-value
QOL-AGHDAP 94 = 82 59%6 0.39
SF-36°
Physical functioning 63.6 = 33.5 72.1 * 29.2 0.51
Limitations due to physical health 21.4 *+ 36.6 472 + 442 0.02
Limitations due to emotional health 47.6 = 504 83.3 + 303 0.15
Energy and fatigue 47.7 £ 225 63.7 + 24.6 0.05
Emotional well-being 57.7 = 20.8 774 + 23.8 0.02
Social functioning 60.7 = 31.0 76.4 = 270 0.20
Pain 55.0 = 189 762 = 239 0.01
General health 579 * 191 76.9 + 18.2 0.05

aContinuous measures are summarized as means * standard deviation (SD), and compared using the Yuen-Welch robust test.

®Lower scores represent better health,
“Higher scores represent better health.

GH, growth hormone; GHD, GH deficiency; GHI, GH insufficiency; QOL-AGHDA, Quality of Life-Assessment of GH

Deficiency in Adults; SF-36, SF-36 Health Survey.

(Agha et al., 2004, 2005b; Aimaretti et al., 2004; Bon-
danelli et al., 2004; Kelly et al., 2000; Leal-Cerro et al.,
2005; Lieberman et al., 2001; Popovic et al., 2004). Al-
though there have been case reports of spontaneous re-
covery of chronic hypopituitarism, including resolution
of isolated GHD (Agha et al., 2005a; Eiholzer et al., 1986;
Iglesias et al., 1996), it appears that in the great major-
ity of patients this deficit in somatotroph function is last-
ing.

Injury Characteristics Associated with
Developing Growth Hormone Deficiency/
Growth Hormone Insufficiency

The eight patients with GHD/GHI were on average
relatively severely injured, with a median GCS of 7.5;
additionally, seven had diffuse brain swelling and
seven had multiple hemorrhagic findings on acute CT.
Although three of the patients had higher post-resus-
citation GCS scores of 10, 11, and 15, all three of these
patients had diffuse brain swelling and multiple hem-
orrhagic CT findings indicating a severe degree of
parenchymal brain injury. Although prior studies have
shown that hypopituitarism in general and GHD in par-
ticular, is most commonly associated with severe TBI,
such endocrinopathies can also develop after milder
head injuries (Benvenga et al., 2000; Bondanelli et al.,
2004; Edwards and Clark, 1986; Kelly et al., 2000).
Further research is needed to better define the patients
most at risk for neuroendocrine deficits after head
injury.

Neurobehavioral and Quality of Life Changes
Associated with Growth Hormone
Deficiency/Insufficiency

Of the NB/QOL battery performed on these TBI patients,
depression, limitations due to physical health, energy and
fatigue, pain, and general health were all more frequently
affected in the GHD/GHI group than in the GH-sufficient
patients. The median number of total NB deficits was also
higher in the GHD/GHI group compared to the GH-suffi-
cient group, but this did not reach statistical significance.
Regarding the strong association of GHD/GHI with de-
pression, it is notable that depression is a frequent finding
in the moderate and severe TBI population with rates of
17-50% of patients in the chronic post-injury phase (Dik-
men et al., 2004; Hellawell et al., 1999; Jorge et al., 2004;
Kersel et al., 2001). Prior studies have also shown that pa-
tients with adult-onset GHD are more prone to NB deficits,
particularly depression and QOL deficits (Abs et al., 2005;
Arwert et al., 2005b; Blum et al., 2003; Deijen et al., 1996).
Two recent reports also indicate that depression and poor
QOL are improved by GH replacement in adult patients
with GH deficiency (Mahajan et al., 2004; Mukherjee et
al., 2005). Although one recent report by Popovic et al.
(2004) did report an association between GHD and para-
noid ideation in a TBI cohort, no relationship was seen be-
tween GHD and depression.

Given that the two patient groups in this study had sim-
ilar degrees of TBI severity, these findings appear to sup-
port our original hypothesis that NB recovery and QOL
may be limited in TBI patients as a result of GHD/GHI.
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Whether GHD/GHI is acting as a primary factor or is act-
ing synergistically with the residual effects of brain in-
jury remains unclear. However, given the high frequency
of diffuse brain swelling and a somewhat overall worse
aggregate CT score in the GHD/GHI cohort, one alter-
native explanation for these findings is that increased de-
pression and poor QOL in the GHD/GHI group is an
epiphenomenon of the more severe brain injuries and sec-
ondary insults sustained in these patients. Due to the
small sample size in this ongoing project, it is not possi-
ble to fully isolate the effects of the brain injury per se
from that of untreated GHD/GHI. With accrual of addi-
tional patients, it may be possible to resolve this issue.

In summary, our findings (1) support the concept that iso-
lated untreated GHD/GHI is associated with and may be in
part responsible for persistent NB and QOL deficits in the
chronic state after TBI; and (2) provide a rationale for con-
ducting a randomized placebo-controlled trial to determine
if GH-replacement therapy will alleviate or eliminate NB
and QOL deficits in patients with GHD/GHI. Our own and
other randomized placebo-controlled trials of GH therapy
in TBI patients are underway.

Expanding Role of Growth Hormone and IGF-1
in the Central Nervous System

Numerous studies over the last decade lend support to
the concept that the GH/IGF-1 system plays a key role
in brain development, brain repair, and normal brain
function. It is now clear that there are both GH and IGF-
1 receptors in the brain and that their relative roles are
quite different in the CNS. Whereas GH has been shown
to be directly involved in vascular reactivity, vascular
tone, and CNS repair processes after hypoxic injury
(D’Ercole et al., 1996; Hana et al., 2002; Napoli et al.,
2003; Saatman et al., 1997; Scheepens et al., 2000, 2001;
Silha et al., 2005; Ye and D’Ercole, 1999; Ye et al., 2002;
Zhong et al., 2005), IGF-1 appears to be an important
factor in myelination, re-myelination, prevention of de-
myelination, and protection of oligodendrocytes from tu-
mor necrosis factor—a induced apoptosis (D’Ercole et al.,
1996; Hana et al., 2002; Napoli et al., 2003; Saatman et
al., 1997; Scheepens et al., 2000, 2001; Silha et al., 2005;
Ye and D’Ercole, 1999; Ye et al., 2002; Zhong et al.,
2005). From these studies, it appears likely that
GHD/GHI may constitute a potentially treatable, sec-
ondary post-injury condition that limits NB/QOL recov-
ery due to low circulating levels of GH and/or IGF-1.

CONCLUSION

This analysis indicates that, following complicated
mild, moderate, or severe TBI, approximately 18% of pa-

tients develop chronic GHD/GHI, which in the chronic
state after injury is associated with depression and a poor
QOL. Given that the GHD/GHI cohort had a similar de-
gree of injury severity compared to GH-sufficient pa-
tients, NB and QOL differences between these two
groups may be specifically related to untreated
GHD/GHI. The impact of GH replacement therapy on
NB function and QOL in TBI patients with GHD/GHI is
being tested in a randomized placebo-controlled trial.
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