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Abstract

Pituitary dysfunction with reduced growth hormone (GH) secretion is common in patients following traumatic brain

injury (TBI), and these patients often develop chronic symptoms including fatigue and altered cognition. We examined

18 subjects with a history of mild TBI, fatigue, and insufficient GH secretion. Subjects received GH replacement in a year-

long, double-blind, placebo-controlled, crossover study, and were assessed for changes in physical performance, body

composition, resting energy expenditure, fatigue, sleep, mood, and neuropsychological status. Additionally, magnetic

resonance imaging (MRI) was used to assess changes in brain structure and resting state functional connectivity. GH

replacement resulted in decreased fatigue, sleep disturbance, and anxiety, as well as increased resting energy expenditure,

improved body composition, and altered perception of submaximal effort when performing exercise testing. Associated

brain changes included increased frontal cortical thickness and gray matter volume and resting state connectivity changes

in regions associated with somatosensory networks. GH replacement altered brain morphology and connectivity and

reduced fatigue and related symptoms in mild TBI patients. Additional studies are needed to understand the mechanisms

causing TBI-related fatigue and symptom relief with GH replacement.
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Introduction

Pituitary dysfunction with reduced growth hormone (GH)

secretion is a common consequence of traumatic brain injury

(TBI).1–4 The combination of brain trauma and GH dysfunction

often yields a constellation of symptoms that negatively impacts

quality of life. These clustered symptoms include increased fatigue

and depression,5 diminished cognition,6 and altered metabolism

and body condition.7 The level of fatigue that patients report fol-

lowing TBI appears correlated with other quality-of-life-related

symptoms including anxiety, sleep disturbance, and cognitive im-

pairment.8 Although common behavioral and cognitive deficits

following mild TBI typically resolve within weeks or months, these

deficits persist long term in a subset of patients.9,10 In the course

of performing studies on GH replacement in patients follow-

ing TBI,6,11 our research group has noted these clustered symp-

toms. Recognizing the comorbidity of these symptoms is of clinical

importance, as they may manifest months or even years after the

initial trauma and may not be readily recognized as being related to

prior TBI.

Our previous studies and initial qualitative clinical experience

with GH replacement following TBI indicate a temporal profile of

symptom relief. Specifically, patients on GH replacement therapy

typically report diminished fatigue after *3 months, whereas im-

provements in cognition often manifest after 4–5 months of con-

tinuous treatment. Our previous study suggests that this TBI-related

severe fatigue originates centrally in the brain and is not limited to

peripheral fatigue.11 Although symptom relief with GH replace-

ment can be profound in responsive subjects, this treatment does

not cure the underlying condition, as the symptoms return when
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treatment has ended. This suggests a persistent or permanent dys-

function in GH secretion in this subset of patients.

Evidence to support the role of central nervous system dys-

function following TBI has been well established using neuroi-

maging methods such as magnetic resonance imaging (MRI).

Following mild TBI, resting state functional connectivity in the

brain is altered both acutely and chronically,12,13 with widespread

alterations in canonical network connectivity including the default

mode network (DMN) and thalamocortical pathways.14,15 Al-

though the underlying mechanisms and pathways involved are not

well understood, GH administration has been extensively linked to

both neuroprotection and neural repair following damage or dis-

ease.16 In the current year-long, double-blind, placebo-controlled

crossover study, we sought to characterize the fatigue relief expe-

rienced by TBI patients with GH replacement. We assessed phys-

ical and behavioral responses to GH replacement including both

peripheral measures (body composition, physical performance,

resting metabolic rate) and central measures associated with TBI-

related fatigue (sleep quality, neurocognition, fatigue, quality of

life). By correlating these relevant changes to changes seen in the

brain, we can better understand the mechanisms by which GH

provides relief of fatigue symptoms following TBI. At baseline,

3 months, 6 months, and 12 months, physical and behavioral mea-

sures were assessed, and brain connectivity and morphology were

examined to determine their relationship to GH replacement and

fatigue relief. Additionally, neurocognitive assessments were

conducted at baseline and again at 12 months. We hypothesized

that GH replacement would reduce symptom severity, and that

symptom relief would be associated with changes in brain mor-

phology and connectivity.

Methods

Study design

This study was conducted in accordance with the principles of the
Declaration of Helsinki, approved by the Institutional Review Board
at the University of Texas Medical Branch, and registered as a
clinical trial before starting subject enrollment (www.clinicaltrials
.gov; NCT02114775). We studied the effect of GH replacement on
male and female subjects between the ages of 21 and 70 with a
history of mild TBI, insufficient GH secretion, and fatigue in a
randomized, double-blind, placebo-controlled crossover study. TBI-
related eligibility included being at least 6 months post-injury fol-
lowing civilian, non-blast-related mild TBI defined as head trauma
followed by <30 min of disorientation, confusion, loss of memory, or
loss of consciousness. Participants also met fatigue-related eligibility
criteria by scoring ‡3 on any of the three initial fatigue severity
questions in the Brief Fatigue Inventory questionnaire.17 Individuals
who met the initial inclusionary criteria were further screened for
eligibility by measuring peak stimulated growth hormone levels
using a glucagon stimulation test by administering 1 mg glucagon to
subjects <90 kg and 1.5 mg glucagon to subjects ‡90 kg. This study
was powered to select subjects based on symptom manifestation
independent of the exact level of GH abnormality. Consistent with
our previous studies, subjects were enrolled if peak stimulated GH
levels indicated either GH deficiency (< 3 mg*dL-1) or insufficiency
(< 8 mg*dL-1),6 and were not stratified based on the degree of their
abnormal GH secretion.

Thirty-seven individuals with a history of mild TBI inquired
about participation in the study. Two did not meet the fatigue cri-
teria, and 35 individuals with qualifying history of mild TBI and
fatigue were assessed for peak stimulated GH level (Consolidated
Standards of Reporting Trials [CONSORT] diagram, Fig. 1). Six
otherwise eligible subjects did not qualify to continue in the study

because of normal GH stimulation levels, five declined to partici-
pate, and one was deemed medically ineligible. Of the 23 quali-
fying individuals enrolled in the study, 3 subjects dropped out of the
study after baseline measures and were not included in the analysis.
Twenty subjects completed at least 3 months of study and were
included in the analysis. These subjects included 7 males and 13
females with an average age of 48.0 – 9.2 and 21.2 – 17.9 years
post-injury and an average BMI of 30.0 – 4.9. Of those subjects, 19
completed 6 months, and 18 completed the entire 12 month study.

Drug administration

The University of Texas Medical Branch (UTMB) Investiga-
tional Drug Service research pharmacy managed study group ran-
dom assignment and drug dispensing, while the subjects and study
personnel remained blinded. The active recombinant human GH
and visually identical placebo (Genotropin; Pfizer Inc, New York,
NY) were supplied as multi-use cartridges for daily self-
administered subcutaneous injections using a Genotropin Pen 5
injection device. Subjects were randomly assigned to receive either
recombinant human GH first (GH months 1–3, placebo months 4–6,
GH months 7–12) or placebo first (placebo months 1–3, GH months
4–6, GH months 7–12) (Fig. 2) so that all subjects experienced both
GH and placebo periods. Similarly to previous studies, subjects
underwent a progressive dose increase for each dosing interval.6,11

In the first month of each treatment period, subjects injected the
volume equivalent of 0.4 mg of GH or placebo daily and increased
to a volume equivalent dose of 0.6 mg of GH for the remainder of
the treatment period. There were no reported adverse events as-
sociated with the study intervention. Subjects were monitored
monthly in person or by phone for clinical changes suggestive of
excess GH, including numbness and tingling in the hands. Blood
tests were used to confirm that insulin-like growth factor (IGF)-1
serum levels were maintained <400 ng*mL-1 at months 1, 3, 4, 6,
and 12. There was no need to reduce GH dose in any subjects, as
IGF-1 levels stayed within the normal range and there were no
subject complaints of GH side effects.

Physical and cognitive assessments

A series of physical, cognitive, and fatigue-related assessments
were conducted to evaluate the effect of GH replacement
throughout the study (Fig. 2). At baseline, 3, 6, and 12 months,
assessments included body composition, physical performance and
fatigue, resting energy expenditure, and brain morphometry and
connectivity. Additional extensive batteries of neuropsychological
tests and questionnaires evaluating mood, sleep, and fatigue were
administered at baseline and again at 12 months. Raw test scores
were used to assess the change from baseline using paired t tests.
Given the large number of neuropsychological tests; questionnaires
on mood, sleep, and fatigue; and measures of physical performance,
each of these analyses underwent additional correction for multiple
comparison using the Benjamini–Hochberg false discovery rate
correction value of 0.1.18

A battery of neuropsychological tests was performed on subjects
to assess aspects of cognitive function at baseline and again at the
end of the 12 month study. These tests included the Hopkins Verbal
Learning Test,19 Brief Visuospatial Memory Test,20 Grooved Peg
Board Test,21 Color-Word Interference Test,22 Verbal Fluency
Test,22 Digit Span Test,23 Beck Depression Inventory-II (BDI),24

and Processing Speed Index25 (for a more detailed description of
individual tests see Supplementary Text 1).

Questionnaires evaluating aspects of mood, sleep, and fatigue
were administered at baseline and again at the end of the 12 month
study for 10 subjects. Average overall scores and individual subtest
scores were determined for the Multidimensional Fatigue Symptom
Inventory-Short Form (MFSI),26 the Profile of Mood States Stan-
dard Form (Multi-Health Systems Inc., North Tonawanda, NY),
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The Brief Fatigue Inventory,17 and the Pittsburg Sleep Quality
Index (PSQI)27 (for more detailed description of the individual tests
see supplementary text 2).

Dual-energy X-ray absorptiometry (DXA) was used to assess
bone mineral content, fat mass, lean mass, and total body mass at
baseline, 3 months, 6 months, and 12 months using a GE Lunar
iDXA (GE Healthcare; Chicago, IL). Body composition measures
were collected at all time points for 18 subjects. GH-first and
placebo-first groups were assessed separately to demonstrate lon-
gitudinal change from baseline of body mass, lean mass, and fat
mass. Because of variability in body mass, longitudinal changes in
body composition were depicted graphically as percent change.

Physical performance and fatigue were assessed at baseline,
3 months, 6 months, and 12 months using leg extension exercises,

hand grip strength, and a modified 6 min walk test. Data from 17
subjects were used in the analysis, as one subject sustained a
back injury prior to the final time point and was unable to perform
the final physical performance measures. Three and 6 month time
point values are depicted graphically but not included in the sta-
tistical analysis.

A Biodex System 4 Pro dynamometer (Biodex Medical Systems;
Shirley, NY) was used to measure isometric and isokinetic leg
extension torque at baseline and again at 12 months. Before be-
ginning torque measures, the subject performed a warm-up set
consisting of 30 isokinetic leg extensions with maximum angular
velocity set to 500 degrees/sec to provide minimal resistance.
Isometric leg extension torque was measured over three contrac-
tions of 5 sec each against a fixed angle of 90 degrees. The three

FIG. 1. Consolidated Standards of Reporting Trials (CONSORT) diagram depicting subject participation from screening through
analysis. Subjects between the ages of 21 and 70 were recruited based on a history of mild traumatic brain injury and complaints of
fatigue. Subjects were eligible for participation if peak stimulated growth hormone level tested below 8 mg*dL-1 and they were
otherwise medically eligible.

FIG. 2. Study timeline for traumatic brain injury patients enrolled in a double-blind, placebo-controlled crossover-designed growth
hormone (GH) replacement study. Subjects were clustered into one of two groups receiving either GH first (GH months 1–3, placebo
months 4–6, GH months 7–12) or placebo first (placebo months 1–3, GH months 4–6, GH months 7–12). At baseline, 3, 6, and 12
months, assessments included: (a) body composition (dual-energy X-ray absorptiometry [DXA]), physical performance and fatigue,
resting energy expenditure, brain morphometry and connectivity (magnetic resonance imaging [MRI]). At baseline and again at 12
months, assessments included: (b) neuropsychological tests, and questionnaires evaluating mood, sleep, and fatigue.
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contractions were performed at subject-determined estimates of
25%, 50%, and 100% effort respectively with a 15 sec rest period
between each contraction. The set of three isometric contractions
was performed in triplicate, and torque for each contraction was
measured as the average over a 3 sec window centered on peak
torque. Following a 2 min rest period, peak isokinetic torque was
similarly measured over three contractions at an angular velocity
of 120 degrees/sec. The three contractions were performed at
subject-determined 25%, 50%, and 100% efforts respectively
with *5 sec between contractions. The set of three isokinetic
contractions was performed in triplicate with a rest period of 15 sec
between sets. Torque for each contraction was measured as the
average over a 100 ms window centered on peak torque. The first
set of contractions for each set was used to anchor perceived effort
and the second and third sets were used to determine average torque
measures for 25%, 50%, and 100% effort.

Following torque measures, subjects performed a fatigue pro-
tocol consisting of a series of 50 maximum effort isokinetic leg
extensions with a cadence of one extension every second at a
maximum angular velocity of 120 degrees/sec. Torque was as-
sessed for each contraction, as the average over a 100 ms window
centered on peak torque. Immediately after completing the 50
contraction fatigue protocol, subjects repeated a set of isometric
contractions at 100%, 50%, and 25% subject-perceived effort. This
series of recovery isometric contractions was then repeated after
3 min and again after 5 min of recovery. A best-fit power line was
fitted to the declining torque and power output over the 50 con-
traction protocol to estimate the contraction number that declined
to 50% of protocol maximum. The estimated 50% contraction
number was compared for baseline and 12 months using paired
t tests. Isometric torque at 0, 3, and 5 min of post-fatigue recovery
were assessed as the percent of pre-fatigue torque, and recovery
was compared between baseline and 12 months using paired t tests.
Subjects were asked to subjectively rank their whole-body overall
fatigue level on a scale of 0–10 both before and again immediately
after leg extension testing, as a measure of fatigue.

Hand-grip strength and fatigue were assessed using a set of two
Smedley hand dynamometers (model 56380; Stoelting Co., Wood
Dale, IL) calibrated before each use. The dynamometers were
connected via a bridge amp (model FE221, ADInstruments, Bella
Vista, NSW, Australia) and data acquisition hardware (PowerLab
16/35, ADInstruments) to a laptop computer for data collection and
processing (LabChart 7 Pro V 7.3.8, ADInstruments). To assess the
maximum grip strength and perceived force production, subjects
were asked to squeeze three times with their dominant hand for
*5 sec each at perceived efforts of 25%, 50%, and then 100%
exertion. After the first set with the dominant hand, the subject
repeated the same procedure with the non-dominant hand. The set
of three grip measures was recorded in triplicate for both dominant
and non-dominant hands, with the average of each repeated mea-
sure used for analysis.

A modified 6 min walk incorporating self-pacing based on per-
ceived effort was conducted at baseline, 3 months, 6 months, and 12
months as a measure of performance and fatigue during a routine
activity. During the modified 6 min walk test, subjects walked for
2 min at a perceived effort of 25%, 2 min at a perceived effort of
50%, and the last two min at 100% effort walking pace. Total
distance and distance traversed for each 2 min interval was re-
corded and compared with baseline.

Resting energy expenditure (REE) was measured at baseline,
3 months, 6 months, and 12 months using indirect calorimetry.
Following overnight fasting, subjects were asked to rest quietly for
15 min in a supine position. Using a draped acrylic gas collection
canopy, oxygen consumption and carbon dioxide production were
monitored for 30 min using a metabolic cart (Vmax Encore 29,
CareFusion, San Diego, CA) calibrated prior to use. The final
25 min of data collection were used to calculate REE. REE was
collected at all time points for 18 subjects. To demonstrate the

longitudinal change in REE among the two crossover groups, the
average REE was assessed separately for the GH-first and placebo-
first groups over the duration of the study.

MRI: Image acquisition

MRIs were acquired using a Siemens Magnetom Skyra 3-Tesla
MRI at the University of Texas Medical Branch at Galveston. MRI
was conducted as the first measure on each study day (6:00–7:00
a.m. start time) following overnight fasting. High-resolution ana-
tomical images covering the whole brain including the cerebellum
were acquired using a T1-weighted gradient-echo (GRE) pulse
sequence with the following parameters: 3D T1 axial (repetition
time [TR] = 1900 ms, echo time [TE] = 2.49 ms, flip angle = 9 de-
grees, field of view [FOV] = 270 x 270 mm, voxel size = 0.9 x 0.9 x
0.9 mm, 192 slices, matrix = 288 · 288). Resting state functional
connectivity MRI data were collected for 10 min using a single-shot
GRE planar imaging sequence to acquire 164 T2-weighted blood
oxygenation level dependent (BOLD) images (TR = 3660 ms,
TE = 39 ms, flip angle = 90 degrees, FOV = 240 x 240 mm, voxel
size = 2.6 x 2.6 x 4 mm, 36 axial slices, matrix = 94 x 94). Partici-
pants were instructed to keep their eyes open and to not think about
anything in particular during the resting state scan.

MRI: Pre-processing

Structural and functional images were preprocessed in the
CONN functional connectivity toolbox (17.f)28 using the default
volume-based pre-processing pipeline. Functional images under-
went realignment and unwarping for motion correction, slice-
timing correction, registration and normalization to Montreal
Neurological Institute (MNI) 152 space, outlier detection, band-
pass filtration between 0.008 and 0.09 Hz, and spatial smoothing
using an 8 mm full width at half maximum (FWHM) Gaussian
kernel. Additionally, structural images underwent realignment;
segmentation of gray matter (GM), white matter, and cerebrospinal
fluid; bias correction; and normalization to MNI space.

MRI: Assessing longitudinal changes

A flexible factorial model was established to assess functional
and morphological brain changes throughout the study, including
crossover periods on and off GH replacement (Fig. 3). Subjects
were grouped based on the order in which they received treatment
into GH-first or placebo-first groups for analysis. The modeled
contrast timeline was based on our clinical experience of adult
patients receiving GH administration. In our experience, patients
typically experience modest symptom reduction after *3 months
of treatment, with more pronounced symptom reduction following
6 months to 1 year of treatment. After discontinuing GH treatment,
patients tend to exhibit a gradual return of symptoms over *3
months. The weighted contrasts tested fit to a model of brain
changes while on GH and return to baseline while on placebo. The
GH-first and placebo-first group-weighted models were defined for
each time point as (see study design and Fig. 2 for timing) -1.25,
0.75, -1.25, 1.75 and -1.05, -1.05, 0.1, 2, respectively to test for
longitudinal increases in brain morphology or connectivity with
GH treatment (Fig. 3). The inverse of those model weights (1.25, -
0.75, 1.25, -1.75 and 1.05, 1.05, -0.1, -2 respectively) were used to
assess longitudinal decreases in morphology or connectivity with
GH treatment.

MRI: Functional connectivity

Using SPM12 (Wellcome Department of Imaging Neuroscience,
Institute of Neurology, London, UK) we implemented the flexible
factorial model described previously to conduct a hypothesis-free
intrinsic connectivity (IC) analysis to assess voxelwise whole-brain
changes in connectivity over the course of the study. First-level
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voxel to voxel beta files were calculated for each subject at each
time point with interacting factors of group assignment and session.
In addition, 10 a priori selected regions of interest (ROI) were
chosen for similar analysis based on the current literature as regions
associated with altered connectivity following TBI or associated
with fatigue (Table S1). The selected ROIs include: the posterior
cingulate cortex as a region representing the default mode net-
work,29,30 the right frontal eye field as a region representing the
dorsal attention network (as contrast to default mode network), left
and right thalamus,14,15 the left post-central gyrus as somatosensory
cortex,14 the left pre-central gyrus as primary motor cortex,14 the
right cerebellar lobules IV/V (lobules IV and V were unified in pre-
processing using CONN) and lobule VIII,31 the left nucleus ac-
cumbens as a region linked to motivation and fatigue,32,33 and the
left supplementary motor area (SMA).34 First-level voxelwise seed
ROI-specific beta files were calculated for each subject at each time
point with interacting factors of group assignment and session for
each ROI. Significantly altered connectivity was determined by
peak-level familywise error corrected pFWE < 0.05; clusters ‡8
contiguous voxels are reported.

MRI: Correlations with altered connectivity

An exploratory analysis was conducted to identify potential as-
sociations between physical and behavioral measures of interest
(MOI) and changes in brain connectivity and morphology. Five
MOIs were selected a posteriori that were both significantly altered
over the course of the study and deemed by the research team as
being the most relevant unique measures. The five selected MOIs for
correlation analysis included MFSI total score, PSQI, Beck De-
pression Inventory score, lean mass, and 50% effort modified walk
distance. Pre- and post-treatment measures of MFSI and PSQI were
complete for 10 subjects. Pre- and post-treatment measures of 50%
effort modified walk and Beck Depression Inventory were available
for 17 subjects. Change in lean mass was available for 18 subjects.

We tested for potential correlations between regional changes in
connectivity and changes in MOIs from baseline to 12 months. The
change in connectivity from baseline to post-study was plotted by
generating a delta image (post-study beta image minus baseline
beta image) using the SPM IMcalc function for whole-brain IC
analysis and separately for the 10 pre-selected ROIs. The resulting
delta images were used to examine correlations between regional
changes in connectivity and changes in MOIs. Correlations were
evaluated with SPM using single-sample t tests of delta connec-

tivity with the change in score for each MOI as a covariate. Separate
contrasts were used to determine negative and positive correlations.
For this exploratory analysis, the threshold for significance was set
as a peak voxel uncorrected p < 0.00001; clusters >8 voxels are
reported. Plots were generated to assess the correlative relationship
between changes in connectivity and changes in MOIs. For clusters
with significant correlations, the change in connectivity (post-study
beta value – pre-study beta value) at the peak coordinates were
recorded and plotted against the change in MOI.

MRI: Brain morphometry

Voxel-based morphometry was used to assess changes in re-
gional brain volumes and to estimate changes in cortical thickness
using the SPM CAT12 toolbox35 running on Matlab. Structural
images were pre-processed using the CAT12 processing pipeline
for segmenting longitudinal data. These protocols compensate for
non-linear registration by performing intra-subject realignment,
bias correction, segmentation, and normalization. Within this
protocol, individual images were Diffeomorphic Anatomical Re-
gistration Through Exponentiated Lie Algebra (DARTEL) regis-
tered to MNI space and intra-subject mean segmented images were
generated to apply intra-subject deformations for assessing volume
changes. During pre-processing, additional cortical thickness (CT)
estimation was performed for later CT analysis and total intracra-
nial volume was estimated for each subject as a nuisance covariate
for GM analysis.

MRI: GM volume

The change in GM volume from baseline to post-study was
assessed using the previously described flexible factorial model.
Modulated GM volumes were smoothed with a spherical FWHM
Gaussian smoothing kernel of 8 mm using CAT12 and assigned for
flexible factorial analysis with interacting factors of group assign-
ment and session. Total intracranial volume was assigned as a
nuisance covariate to remove the confounding factor of total brain
size. Significant changes in GM volume were determined using
peak-level pFWE < 0.05; clusters ‡8 voxels are reported.

MRI: Correlations with altered GM volume

An exploratory analysis was conducted to assess correlations
between changes in GM volume and changes in selected MOIs

FIG. 3. This placebo-controlled crossover designed study assessed the effects of growth hormone (GH) replacement on mild traumatic
brain injury (TBI) patients. Weighted contrast models were used to test fit to a model of changes in brain connectivity and morphometry
while subjects were on GH, with no change or reversal of GH-induced changes while on placebo. Separately weighted contrasts were
created to test for increased (+) or decreased (-) cortical thickness, gray matter volume, or functional connectivity with GH replacement
in both the GH-first and placebo-first groups.
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from baseline to post-study. Delta images were generated for each
subject using the extracted GM volumes from morphometry anal-
ysis (post-study GM map minus baseline GM map) using the SPM
IMcalc function. Correlations were assessed with SPM using
single-sample t tests of delta GM volume, with the change in score
for each MOI as a covariate. Separate contrasts were used to de-
termine negative and positive correlations. Using small volume
correction, an additional focused correlative analysis was applied
for the four a posteriori regions shown by the longitudinal flexible
factorial analysis to have significant change in GM volume
(Table S4). These regions were explored using a 10 mm sphere
centered on the peak of each of the four significant clusters. Se-
parate contrasts were used to determine negative and positive
correlations. For this exploratory analysis, the threshold for sig-
nificance was set as a peak uncorrected p < 0.00001; clusters >8
voxels are reported. Plots were generated to assess the correlative
relationship between changes in GM volume and changes in MOIs.
For clusters with significant correlations, the change in GM volume
(post-study value – pre-study value) at the peak cluster coordinates
were recorded and plotted against the change in MOI.

MRI: Cortical thickness

During initial CAT12 voxel-based morphometry longitudinal
segmentation, surface and thickness estimation were performed
using projection-based thickness for cortical thickness estimation36

for left and right hemispheres. Cortical thickness estimates were
resampled to a 32 k mesh and smoothed with a 15 mm filter size.
Changes in regional cortical thickness throughout the study were
assessed using CAT12 with the previously described flexible fac-
torial model using merged left and right hemisphere cortical
thickness estimates for each subject. The model was then estimated
using CAT12 surface model estimation. Significant change in
cortical thickness was determined using peak-level pFWE < 0.05;
clusters ‡8 voxels are reported.

MRI: Correlations with altered cortical thickness

The correlation between changes in cortical thickness and se-
lected MOIs from baseline to post-study were examined using
CAT12. Pre- and post-study smoothed cortical thickness images
were assessed using a paired t test with selected measures of interest
from each time point as a covariate. For this exploratory analysis,
the threshold for significance was set as a peak uncorrected
p < 0.00001; clusters with >8 voxels are reported.

Results

Neuropsychological testing

Baseline and 12 month measures were compared using com-

bined data from the GH-first and placebo-first groups to assess the

effects of GH treatment on neuropsychological measures (Table 1).

None of the neuropsychological measures demonstrated significant

changes with GH treatment following Benjamini–Hochberg false

discovery rate correction for multiple testing, although the initial

paired t tests indicated a less favorable score for the Brief Vi-

suospatial Memory Delayed Recall subtest, along with improve-

ments in the Color-Word Interference subtest CW4, and reduced

depressive symptoms as measured by the Beck Depression In-

ventory.

Fatigue, sleep, and mood

GH treatment was associated with significant improvements in

subject-rated fatigue, sleep, and mood (Table 2). Over the course of

1 year, total MFSI fatigue score decreased significantly with GH

treatment ( p = 0.002) as did individual subtest scores for general

fatigue ( p = 0.020), physical fatigue ( p = 0.003), emotional fatigue

( p = 0.015), and mental fatigue ( p = 0.005). Fatigue as measured by

Table 1. Average (– SD) Neuropsychological Scores for Mild TBI Subjects

before and after One Year Including 9 Months of GH Therapy

Baseline 12 Months p

Hopkins Verbal Learning Test-Revised
Total Recalla 26.6 – 3.9 27.6 – 3.1 0.251
Delayed Recalla 9.8 – 1.8 10.2 – 1.7 0.280
Recognition Discriminationa 11.1 – 0.8 11.0 – 0.8 0.791

Brief Visuospatial Memory Test
Total Recalla 25.8 – 4.7 24.5 – 7.1 0.365
Delayed Recalla 10.6 – 2.0 9.3 – 2.5 0.037
Recognition Discriminationa 5.5 – 1.0 5.8 – 0.8 0.482

Grooved Peg Board
Dominant Handb 72.1 – 25.8 65.9 – 10.2 0.182
Non-Dominant Handb 78.8 – 26.1 73.3 – 12.4 0.287

Color-Word (CW) Interference Test
CW1b 31.8 – 10.4 29.5 – 5.1 0.251
CW2b 24.1 – 11.5 21.6 – 3.9 0.375
CW3b 56.8 – 15.8 51.3 – 9.7 0.190
CW4b 61.5 – 19.9 52.5 – 7.6 0.037

Verbal Fluency Test
Phenomica 39.8 – 12.9 39.4 – 12.3 0.895
Semantica 43.8 – 7.7 44.1 – 7.6 0.922

Digit Spana 27.2 – 3.9 28.0 – 5.5 0.441
Beck Depression Inventoryb 14.9 – 9.0 8.9 – 8.1 0.028
Processing Speed Indexa 101.8 – 16.7 104.2 – 13.4 0.200

Baseline and 12 month measures were compared using paired t tests. Although three tests (shown in italics) had p values <0.05, there were no
significant differences based on Benjamini–Hochberg false discovery rate correction of 0.1.

aHigher score indicates a more favorable outcome.
bLower score indicates a more favorable outcome.
SD, standard deviation; TBI, traumatic brain injury.
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Brief Fatigue Inventory total score was also improved ( p = 0.009).

Subject-perceived whole-body fatigue following exercise testing

was reduced with GH administration ( p = 0.026), and although pre-

exercise ranking of whole-body fatigue trended toward a decline, it

did not reach statistical significance ( p = 0.060). Although the

Profile of Mood States Total Mood Disturbance score was not

significantly reduced with GH treatment ( p = 0.110; Table 3), there

was a significant improvement in scores on subtests examining

tension/anxiety ( p = 0.036) and fatigue ( p = 0.031). In addition,

sleep quality as measured by PSQI was also improved with treat-

ment ( p = 0.025).

Body composition

Although overall body mass did not change with GH treatment

( p = 0.507), body composition was altered, with a significant in-

crease in lean mass ( p < 0.001) and a trend toward a loss of fat mass

( p = 0.054) (Fig. 4 and Table S2). GH treatment was also associ-

ated with a small but significant decrease in bone mineral content

( p < 0.001). Over the course of the study, gains in lean mass and

losses in fat mass occurred during periods of GH treatment, and this

shift in body composition was reversed during periods of placebo

administration (Fig. 4).

REE

Over the course of the study, REE increased significantly with

GH treatment from an average baseline rate of 2.53 – 0.34 mL

O2*kg-1*min-1 to a month 12 average rate of 2.70 – 0.25 mL

O2*kg-1*min-1 ( p = 0.018) (Table S2). Within the GH-first group,

REE increased significantly during the initial 3 months of treatment

(Fig. 4). This increase in REE was reversed during the following 3

months of placebo administration. Once GH treatment was re-

sumed at 6 months, this increase in REE returned. In the placebo-

first group, the average REE trended toward an increase when on

GH treatment but was not significantly different from baseline.

Leg extension

GH treatment was not associated with an increase in leg exten-

sion isokinetic torque at maximum effort, but was associated with a

significant increase in torque production at subject-determined

50% effort (Table 3) ( p = 0.038). In addition, GH treatment was not

associated with altered number of repetitions to fatigue during the

50 contraction isokinetic fatigue protocol.

Hand grip

Over the course of the study, average grip strength measured at

maximal volitional force did not change significantly with GH

treatment (Table 3). However, at subject-perceived efforts of 25%

and 50%, force declined significantly for both dominant ( p = 0.002

Table 2. Average (– SD) Response Scores Related

to Mood, Sleep, and Fatigue for Mild TBI Subjects

before and after One Year Including

Nine Months of GH Therapy

Baseline 12 Months p

Multidimensional Fatigue Symptom Inventory-Short Form
General Fatigue 17.2 – 4.4 11.0 – 7.8 0.011*
Physical Fatigue 7.2 – 3.4 3.3 – 3.4 0.003*
Emotional Fatigue 8.4 – 5.5 3.7 – 5.7 0.030*
Mental Fatigue 13.1 – 7.8 8.2 – 5.9 0.005*
Vigor 9.1 – 4.3 11.6 – 5.6 0.138
Total Score 36.8 – 21.2 14.6 – 24.0 0.003*

Profile of Mood States
Tension/Anxiety 11.0 – 10.4 4.8 – 6.7 0.036*
Depression 9.0 – 15.5 6.8 – 13.8 0.635
Anger/Hostility 7.0 – 10.2 2.8 – 5.4 0.127
Vigor 10.1 – 5.4 10.9 – 8.5 0.773
Fatigue 14.8 – 6.7 10.3 – 7.6 0.031*
Confusion 11.5 – 8.9 7.7 – 7.1 0.056
Total Mood Disturbance 43.2 – 51.9 21.5 – 43.0 0.110

Brief Fatigue Inventory 5.8 – 2.0 3.5 – 2.7 0.009*
Whole-Body Fatigue Before and After Exercise

Pre-Exercise 3.2 – 2.5 1.9 – 2.6 0.060
Post-Exercise 5.2 – 2.6 3.2 – 2.5 0.026*

Pittsburg Sleep Quality Index 11.8 – 3.7 9.8 – 4.3 0.025*

Baseline and 12 month measures were compared using paired t tests. For
vigor scores, a higher score indicates a more favorable outcome. For all
other measures a lower score indicates a more favorable outcome.

*Statistical significance based on p < 0.05 and Benjamini–Hochberg
false discovery rate correction of 0.1.

SD, standard deviation; TBI, traumatic brain injury; GH, growth hormone.

Table 3. Measures of Physical Performance Including

Average (–SD) Leg Extension Torque Production,

Fatigue, and Recovery as Well as Grip Strength

and Modified Six Minute Walk Distance

for Mild TBI Subjects before and after One Year

Including Nine Months of GH Therapy

Baseline 12 Months p

Leg Extension Isometric Torque (Nm)
100% Effort 138.5 – 66.0 128.8 – 60.5 0.146
50% Effort 65.6 – 33.1 62.5 – 36.5 0.570
25% Effort 45.8 – 22.4 40.0 – 25.2 0.260

Leg Extension Isokinetic Torque (Nm)
100% Effort 95.5 – 51.3 103.2 – 47.1 0.144
50% Effort 60.0 – 40.9 74.9 – 45.0 0.038*
25% Effort 32.9 – 28.0 41.3 – 34.2 0.238

Leg Extension Fatigue (no. of kicks to 50% max. isokinetic
torque)

31.9 – 7.7 29.6 – 6.0 0.217
Leg Extension Recovery Isometric Torque (% of baseline max.)

0 min 54.4 – 11.2 60.6 – 9.6 0.023*
3 min 80.6 – 19.8 84.9 – 15.0 0.232
5 min 90.6 – 13.1 88.8 – 10.9 0.552

Grip Force - Dominant Hand (Kg)
100% Effort 32.1 – 12.3 29.4 – 11.7 0.063
50% Effort 18.2 – 8.5 14.9 – 5.5 0.009*
25% Effort 13.1 – 6.4 9.9 – 4.2 0.002*

Grip Force - Non-dominant Hand (Kg)
100% Effort 30.3 – 12.3 28.5 – 13.8 0.235
50% Effort 17.5 – 8.9 13.8 – 6.6 0.006*
25% Effort 12.4 – 6.8 8.6 – 4.6 0.001*

Modified 6 Minute Walk Distance (m)
Total Distance 496.1 – 75.5 519.5 – 56.7 0.060
2 min at 100% 209.6 – 35.7 209.1 – 25.7 0.942
2 min at 50% 156.9 – 26.4 168.3 – 18.6 0.016*
2 min at 25% 129.5 – 27.6 142.1 – 18.4 0.018*

Leg extension fatigue is the number of contractions required to fatigue
to 50% of maximum pre-fatigue torque. Baseline and 12 month measures
were compared using paired t tests.

*Statistical significance based on p < 0.05 and Benjamini–Hochberg
false discovery rate correction of 0.1.

SD, standard deviation; TBI, traumatic brain injury; GH, growth hormone.
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at 25%, p = 0.009 at 50%) and non-dominant ( p = 0.001 at 25%,

p = 0.006 at 50%) hands.

Six minute walk

GH treatment was not associated with changes in the total dis-

tance traversed during the modified 6 min walk test (Table 3)

( p = 0.060) or the subset of 2 min of walking at 100% effort

( p = 0.94). However, there was a significant increase in the distance

traversed during 2 min of walking at subject-perceived 25% effort

( p = 0.018) and 50% effort ( p = 0.016).

Altered brain connectivity

Using the flexible factorial model, the hypothesis-free whole brain

IC analysis did not reveal significant changes in connectivity with GH

treatment. However, GH treatment was associated with altered con-

nectivity for seed regions when examining the 10 a priori ROI seed

regions selected as potentially relevant to mild TBI and fatigue

(Fig. 5; Table S3). Altered connectivity was primarily observed in

brain somatosensory networks, including the left post-central gyrus.

The left post-central gyrus increased connectivity with the left hip-

pocampus ( pFWE = 0.003) and left superior temporal gyrus ( pFWE =
0.006). Connectivity to the left post-central gyrus was altered when

seed regions of the right frontal eye field ( pFWE < 0.001), and the left

thalamus ( pFWE = 0.001) were assessed. In addition, GH treatment

was associated with altered connectivity in motor control regions

including reduced connectivity between the posterior cingulate cortex

and the left cerebellar lobule VIIb ( pFWE < 0.001).

Correlations with altered brain connectivity

In our exploratory analysis, correlations were found between

changes in connectivity associated with GH treatment for the 10

a priori selected ROIs and changes in the a posteriori selected MOIs.

Subjects with the greatest reduction in MFSI fatigue total score had

the greatest increase in connectivity between the posterior cingulate

cortex and the left pre-central gyrus (Fig. 6A). Subjects with the

greatest reduction in MFSI fatigue total score also had the greatest

increase in connectivity between the right thalamus and the right

temporo-parieto-occipital (TPO) junction (Fig. 6B). In addition,

subjects with the greatest reduction in MFSI fatigue had decreased

connectivity between the left supplemental motor area and the right

insula (Fig. 6C).

IC analysis demonstrated correlations between the change in

lean mass and whole-brain connectivity; subjects with the greatest

increase in lean mass had decreased whole-brain connectivity with

the right superior occipital lobe (Fig. 6D).

PSQI sleep quality score was also correlated with significantly

altered regional connectivity. Subjects with the greatest improvement

in sleep quality had increased connectivity between the right cere-

bellar lobules IV/V and the right frontal superior gyrus (Fig. 6E).

The 50% effort walk score was correlated with altered connec-

tivity between the right cerebellar lobule VIII and the left post-

central gyrus, and subjects with the greatest increase in 50% walk

distance had the greatest decrease in connectivity between these

regions (Fig. 6F).

Altered GM volume

Using flexible factorial longitudinal analysis, voxel-based mor-

phometry demonstrated GH associated changes in GM volume

(Fig. 7; Table S4) with increased volume in regions located in the

left mid-cingulate, and left mid-frontal region. Within the left orbital

inferior frontal gyrus there was an apparent shift in GM volume,

with a significant increase in one region and a decrease in another.

Correlations with altered GM volume

In our exploratory analysis, the change in 50% walk distance was

the only MOI correlated to changes in GM volume. Subjects with

the greatest increase in 50% walk distance had increased GM

FIG. 4. Change in body composition and resting energy expenditure (REE) for mild traumatic brain injury (TBI) subjects enrolled in a
double-blind crossover designed growth hormone (GH) replacement protocol. Subjects were clustered into GH-first (GH months 0–3,
placebo months 3–6, GH months 6–12) or placebo-first (placebo months 0–3, GH months 3–6, GH months 6–12) groups. *Significant
difference in absolute change from baseline determined by paired t test.
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volume in the left superior parietal cortex (Fig. 6G) and decreased

volume in the left cerebellar lobule VI (Fig. 6H).

Altered cortical thickness

Using flexible factorial longitudinal analysis, GH treatment was

associated with significant changes in cortical thickness with in-

creased cortical thickness in regions within both the left and right

superior frontal gyrus and the right mid frontal gyrus (Fig. 8;

Table S5). Other regions experienced decreased cortical thickness

including the left angular gyrus, left pre-central gyrus, right cuneus,

and right post-central gyrus. Changes in cortical thickness were not

correlated with pre/post treatment changes in any of the measures

of interest.

Correlations with altered cortical thickness

Our exploratory analysis did not reveal any significant correla-

tions between regions of altered cortical thickness and the MOI

explored in this study.

Discussion

We studied the effect of GH replacement on subjects with a

history of mild TBI, insufficient GH secretion, and fatigue. Along

with significant improvements in body composition, fatigue, and

sleep, we identified associated changes in brain connectivity and

morphology. In both the current study of patients affected by mild

TBI and our previous study of community-dwelling patients fol-

lowing moderate to severe TBI,11 we selected subjects with fatigue

and insufficient GH response. Taken together, these studies suggest

that across the spectrum of TBI severity, GH secretion abnormal-

ities and fatigue-related symptoms can occur and may be relieved

with GH replacement.

From the outset of our studies, we have included subjects that

responded abnormally to the glucagon stimulation test for GH se-

cretion with a maximal response of £8 ng/dL of GH rather than a

strict definition of GH deficiency based on a stimulation response to

£3 ng/dL. Although GH therapy is established to affect cognition

and behavior, these findings are from studies conducted primarily

on patients with established GH deficiency.37 Other studies have

also used a broader range of GH stimulation response levels as

criteria for GH replacement.38 Although not controlled studies,

clinical evidence suggests a neuroprotective and neurorehabil-

itative role for GH treatment even in the absence of GH deficien-

cy.39–41 In light of these effects, it is unclear if the beneficial effects

of GH replacement seen in this study are exclusively a result of

correcting GH abnormality, or if supplemental GH administration

would have similar effects with greater levels of endogenous GH

secretion.

Others have proposed potential autoimmune and genetic com-

ponents for susceptibility to hypopituitarism following TBI,42 and

we likewise speculate that there may be a genetic, environmental,

or morphological predisposition for some individuals to develop

chronic inflammation in the brain following a severe/moderate,

mild, or repetitive TBI. In this study we focused on patients with

chronic fatigue symptoms, and propose that these persistent

symptoms are associated with post-TBI hypopituitarism. Here, we

demonstrate that GH replacement in these subjects is associated

with significant changes in brain morphology and connectivity and

improved fatigue symptoms.

Quality of life is impaired in patients with GH insufficiency

following TBI,5 and long-term GH treatment improves quality of

life for adult-onset hypopituitary patients.43 In the current study, GH

replacement was broadly associated with improvements in many

measures affecting quality of life. Previous studies by us and others

have shown that patients with GH abnormalities and cognitive

disorders following TBI showed significantly greater improvements

in cognition with GH replacement than controls.6,38 In the current

study, GH treatment was not associated with widespread cognitive

improvements (Table 1). However, subjects were not selected for

this study based on cognitive dysfunction, and the study was not

powered to assess altered cognition. Subjects were, however, se-

lected based on reported fatigue, and all measures used to assess

subject-reported fatigue in this study were improved with GH

treatment with all but one reaching statistical significance (Table 2).

Although questionnaire responses regarding mood were uni-

versally improved, there was no significant change in overall mood

disturbance as assessed with the Profile of Mood States. However,

subtests examining tension/anxiety and fatigue were significantly

improved, and neuropsychological examination suggested a sig-

nificant decrease in depressive symptoms (Table 1). Subjects also

reported decreased sleep disturbance with GH treatment. Although

FIG. 5. Regions of altered brain connectivity for mild traumatic
brain injury (TBI) subjects over 1 year including 9 months of
growth hormone (GH) replacement. Significant change in con-
nectivity was determined with flexible factorial analysis using
peak-level familywise error (FWE) corrected p < 0.05. Clusters ‡8
voxels are reported with blue clusters depicting decreased con-
nectivity and red clusters depicting increased connectivity. Images
are depicted at Montreal Neurological Institute (MNI) oriented
axial slice number. Connectivity was decreased between the right
frontal eye field and the left post-central gyrus (upper left image)
whereas connectivity increased between the left thalamus and the
left post-central gyrus (upper right image). Connectivity was in-
creased between the left post-central gyrus and the left superior
temporal gyrus and left hippocampus (lower left image). Con-
nectivity was decreased between the posterior cingulate and the
left cerebellar (Cb) lobule VIIb (lower right image).
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many factors assessing quality of life were improved with GH

treatment, it is not possible to determine the sequelae and mecha-

nisms of symptom relief for interdependent measures of fatigue,

sleep quality, and mood.

Consistent with other studies,44 GH replacement did not alter

total body mass during the course of treatment, although shifts in

body composition resulted from significant increases in lean mass

and a trend toward decreased fat mass (Fig. 4; Table S2). The

significant increase in REE in this study (Fig. 4; Table S2) is

consistent with other studies that demonstrated that GH replace-

ment in deficient subjects resulted in increased REE as a result

of both increased lean mass and increased specific cellular me-

tabolism through regulation of thyroid hormones.45 The slight but

statistically significant decrease in bone mineral content seen

FIG. 6. Regions where changes in measures of interest were correlated with changes in functional connectivity and gray matter (GM)
volume were correlated with changes in measures of interest for mild traumatic brain injury (TBI) subjects over 1 year including 9
months of growth hormone (GH) therapy. In the exploratory analysis, correlation was established at uncorrected p < 0.00001 with an
extent threshold of 8 voxels. Decreased fatigue (Multidimensional Fatigue Symptom Inventory [MFSI]) was correlated with increased
connectivity between the posterior cingulate cortex (PCC) and the left pre-central gyrus (A; Montreal Neurological Institute [MNI] x y
z = -44 0 10), increased connectivity between the right thalamus and right temporo-parieto-occipital (TPO) junction (B; MNI x y z = 54 -
68 28), and reduced connectivity between the left supplemental motor area (SMA) and right insula (C; MNI x y z = 34 28 6). Increased
lean mass was correlated with reduced whole-brain connectivity (via intrinsic connectivity [IC]) in the right superior occipital region (D;
MNI x y z = 22 -82 34). Improved sleep quality (Pittsburg Sleep Quality Index [PSQI]) was correlated with reduced connectivity
between right cerebellar (Cb) lobules IV-V and right frontal superior cortex (E; MNI x y z = 16 66 2). Increased distance at 50% walk
effort was correlated with increased connectivity between the right Cb lobule VIII and the left post-central gyrus (F; MNI x y z = -38 -32
70), increased GM volume in the left superior parietal cortex (G; MNI x y z = -42 -59 48) and reduced GM volume in the left Cb lobule
VI (H; MNI x y z = -33 60 -20).
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following 9 months of GH treatment in this study (Table S2) is

consistent with previous studies. As a regulator of bone remodel-

ing, GH balances anabolic and catabolic processes of bone mineral

resorption and generation. In adults with GH deficiency, GH

treatment of £1 year is associated with short-term decreased bone

mineral density, which is typically reversed with continued treat-

ment46–48 and does not indicate a barrier to GH replacement.

Although lean mass was increased with GH treatment, this in-

crease was not associated with significant increases in maximal

physical performance in our current or previous study of TBI pa-

tients11 (Table 3). This contradicts some previous studies, which

demonstrated improved exercise capacity in low GH adults with

GH replacement,45 and suggests that the fatigue expressed fol-

lowing TBI in this study was central, without an obvious measured

peripheral component. Although maximal physical performance

was not increased with GH replacement, there was a consistent

trend of altered performance at submaximal effort, including in-

creased performance at submaximal effort for the 6 min walk dis-

tance and isokinetic leg extension, as well as decreased

submaximal effort performance for measures of grip force in both

dominant and non-dominant hands (Table 3).

Altered physical performance at subject-perceived submaximal

effort suggests altered perception of effort or motor control. During

physical exercise testing, both conscious and unconscious factors

influence subject effort and force production.49 Scaling of per-

ceived effort in generating forces may be largely regulated by

central control, with afferent somatosensory feedback being im-

portant for central calibration of efferent output.50 In this way,

changes to connectivity in brain networks responsible for proces-

sing somatosensory input may affect effort, particularly at sub-

jective assessment of submaximal effort.

Studies examining altered functional connectivity in TBI patients

demonstrate diverse changes associated with acute and chronic be-

havioral and cognitive deficits following injury. When interpreting

TBI-related changes in functional connectivity, consideration must be

given to timing related to injury and context of recognized networks.9

TBI-related disruption of canonical networks may result in increased

compensatory non-canonical connectivity,51 and reversal of this al-

tered connectivity may reflect recovery.

Altered functional connectivity in somatosensory-related net-

works in this study (Fig. 5; Table S3) may be related to altered

perception of effort, fatigue, or motor control. Previous studies

have demonstrated altered thalamic network connectivity in mild

TBI subjects compared with healthy controls, and these changes in

thalamic connectivity were correlated with reports of fatigue and

symptom severity.14,15 In our study, growth hormone treatment

was associated with significant increase in connectivity between

the left thalamus and left post-central gyrus. In addition, the right

frontal eye field (dorsal attention network), a region not typically

associated with somatosensory networks, exhibited decreased

connectivity with the left post-central gyrus potentially represent-

ing normalization (decreased compensatory connectivity) within

this circuit.

The posterior cingulate cortex, a critical node in the default

mode network, exhibited significantly decreased connectivity with

lobule VIIb of the left cerebellum (Fig. 5; Table S3). The default

mode network is tonically activated at rest, requiring deactivation

to initiate subsequent tasks. Decreased connectivity between these

two regions may represent normalizing of the default mode net-

work with GH treatment, as these regions are not typically net-

worked. These findings are consistent with a previous study of

sub-acute post-concussive athletes which found increased whole-

brain cerebellar connectivity associated with greater symptom se-

verity, which they attributed to potential compensatory effects.52

Altered cerebellar connectivity seen in this study may be related to

altered measures of quality of life, as lobule VIIb is associated with

executive function and emotional processing.53

The right frontal eye field representing the dorsal attention net-

work also demonstrated decreased connectivity with a cluster

within the left post-central gyrus (somatosensory) (Fig. 5;

Table S3). Because the post-central gyrus is not canonically asso-

ciated with the frontal eye field, decreased connectivity in this

region may also reflect decreased compensatory connectivity

within the dorsal attention network.

Changes in functional connectivity with GH replacement in our

study all involved the left post-central gyrus or left cerebellar

lobule VIIb. These regions are strikingly similar to a recently

published study comparing resting state functional connectivity

in children with GH deficiency in children with idiopathic short

stature.54 This study found that children with GH deficiency had

altered connectivity in cerebellar, and sensorimotor networks in-

cluding decreased whole-brain connectivity in the left post-central

gyrus and left cerebellar lobule VIIb. This previous study proposed

that post-central gyrus function may be affected by reduced GH

levels, and proposed longitudinal studies examining changes in

post-central gyrus function following hormone replacement. The

high degree of parity between brain regions with altered connec-

tivity in GH deficient children and those altered with GH

FIG. 7. Regions of altered gray matter volume for mild trau-
matic brain injury (TBI) subjects over 1 year including 9 months
of growth hormone (GH) therapy. Significant change in gray
matter volume was determined with flexible factorial analysis
using peak-level familywise error (FWE) corrected p < 0.05.
Clusters ‡8 voxels are reported with blue clusters depicting de-
creased volume and red clusters depicting increased volume.
Images are depicted at Montreal Neurological Institute (MNI)
oriented axial slice number. Clusters with significantly altered
gray matter include decreased volume in one portion of the left
inferior frontal gyrus (L. IFG) (upper left image) along with a
significant increase in another portion of the same L. IFG region
(upper right image). Significant increases in gray matter volume
were also seen in the left mid-frontal gyrus (lower left image) and
the left cingulate gyrus (lower right image).
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replacement in our study provide strong evidence linking GH with

somatosensory and cerebellar networks.

TBI is associated with altered brain morphology, including de-

creased GM prominently in frontal brain regions.55,56 Recently, for-

mer National Football League players exhibiting neuropsychiatric

and cognitive symptoms were found to have elevated tau protein

deposition bilaterally in superior frontal gyrus regions.57 In the current

study, changes in brain morphology primarily included increased GM

in left inferior and mid frontal gyrus regions (Fig. 7; Table S4). Ad-

ditionally, cortical thickness increased bilaterally in superior fontal

regions as well as in the right mid-frontal gyrus (Fig. 8; Table S5).

Increases in GM volume and cortical thickness in frontal regions

following GH replacement may be related to the improved quality of

life and reduced cognitive fatigue. Although the indicators of in-

creased cognition in this study were not significant, these behavioral

assessments are often designed for severe impairments and, therefore,

may not be sensitive to the changes observed in this study.

Previous studies have demonstrated reduced connectivity within

the default mode network following TBI.30,58 In the current study,

reduced fatigue was correlated with increased connectivity be-

tween the posterior cingulate, a central hub of the default mode

network, and the left pre-central gyrus, a primary motor region

(Fig.6). Increased connectivity between the motor network and

default mode network are counter to what might be expected with

improvements in motivation and activation of movement with re-

duced fatigue symptoms.

Decreased fatigue symptoms were also correlated with greater

connectivity between the right thalamus and the right temporo-

parieto-occipital junction (Fig. 6). Previous studies have found

altered thalamocortical connectivity following TBI,15 with alter-

ations associated with chronic fatigue following injury;14 however,

these studies did not identify altered thalamocortical connectivity

specific to this region. Given the role of the thalamus as a central

relay of somatosensory signaling and the somatosensory role within

the temporo-parieto-occipital region, increased connectivity with

these regions may represent a normalization of somatosensory

processing of fatigue symptoms.

Hillary and coworkers59 found increased insular connectivity

during 3–6 month recovery following TBI. In the current study,

reduced fatigue symptoms were correlated with lower connectivity

between the left supplemental motor area and the right insula

(Fig. 6), which may represent a normalization of this network. The

role of the insula in motivation for movement60 is consistent with

insula/SMA connectivity changes relevant to altered fatigue.

Increased lean mass was correlated with lower whole-brain

connectivity with the right superior occipital cortex (Fig. 6). Al-

though body mass index has been correlated to altered resting state

functional connectivity in networks associated with food intake and

reward,61 the link between body composition and a primarily visual

processing network is not clear.

In the current study, decreased sleep disturbance was correlated

with greater connectivity between the right cerebellar lobules IV-V

and the right superior frontal gyrus, specifically in the right apical

pre-frontal region (Fig. 6). Although not examining connectivity

between distant brain regions, a previous study found that patients

with chronic insomnia had altered regional homogeneity of local-

ized connectivity in regions including the right anterior cerebellum

and frontal gyrus.62 The correlation of improved sleep quality and

greater connectivity between known sleep-associated brain regions

suggests a potential route in which GH replacement may affect

sleep and potential sleep-associated aspects of fatigue.

Correlations between increased submaximal 50% effort walk

distance and changes in connectivity and GM volume (Fig. 6)

suggest a link between changes in motor control or perceived effort

and sensorimotor brain regions. Increased 50% walk distance was

correlated to greater connectivity between the right cerebellar

FIG. 8. Regions of altered cortical thickness for mild traumatic brain injury (TBI) subjects over 1 year including 9 months of growth
hormone (GH) therapy. Significant change in cortical thickness was determined with flexible factorial analysis using peak-level
familywise error (FWE) corrected p < 0.05. Clusters ‡8 voxels are reported with blue clusters depicting decreased cortical thickness and
red clusters depicting increased cortical thickness. Significantly altered regions include the left superior frontal gyrus (L. SFG), left pre-
central gyrus (L. PreCG), left angular gyrus (L. AG), right superior frontal gyrus (R. SFG), right mid -frontal gyrus (R. MFG), right
cuneus (R. Cun), and right post-central gyrus (R. PostCG).
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lobule VIII and the left post-central gyrus. Although previous

studies do not appear to highlight changes in connectivity between

these two specific regions, their common sensorimotor link is

consistent with altered motor control.

Increased 50% effort walk distance was also correlated with

changes in GM volume in brain regions associated with movement,

including increased GM in the left superior parietal region and

decreased GM in left cerebellar lobule VI (Fig. 6). The left superior

parietal region is associated with motor attention63 as well as self-

perception and movement of limbs,64 and increased GM in this

region may be related to changes in coordination and initiation of

movement. The cerebellar lobule VI is primarily associated with

the motor cortex,65 and regional volume decreases may reflect

normalization after long-term compensatory inflation.

This manuscript is published in this journal issue along with two

other manuscripts highlighting the etiology of persistent symptoms

following TBI. One of these is an original research article that

discovered the fecal microbiome profile of moderate to severe TBI

patients remained altered years after the initial trauma.66 The other

manuscript is a letter to the editor that describes a unified complex

of symptoms that persists long-term in a subset of TBI patients

including profound fatigue and altered cognition; we have dubbed

this symptom complex brain injury associated fatigue and altered

cognition (BIAFAC).67 Together, these three manuscripts char-

acterize chronic symptoms that plague many patients following

TBI and provide evidence to further explore therapeutic treatments

to relieve those symptoms.

Conclusion

In this study we demonstrate that GH replacement in individuals

with fatigue-related symptoms following mild TBI was associated

with altered perception of submaximal effort, relief of fatigue,

change in body composition, and decreased self-reported ten-

sion/anxiety, depressive symptoms, and sleep disturbance. As a

novel aspect of this study, these changes were also associated with

changes in brain morphology and regional connectivity. Changes in

functional connectivity primarily occurred in sensorimotor-related

networks that have been previously linked to GH deficiency.54 These

changes may be related to the altered fatigue and perception of effort

with GH treatment seen in this study. Additionally, changes in brain

morphology included increased GM volume and cortical thickness in

frontal brain regions, which may be related to improved quality of life

measures and decreased cognitive fatigue. Although GH treatment

demonstrated improvements in many measures of quality of life for

subjects with fatigue following mild TBI, additional studies are re-

quired to elucidate the mechanisms involved, understand the se-

quelae of symptom relief, and better identify patient populations

most likely to benefit from this treatment.
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