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Abstract
Importance—Growth hormone–releasing hormone (GHRH) has been previously shown to have
cognition-enhancing effects. The role of neurotransmitter changes, measured by proton magnetic
resonance spectroscopy, may inform the mechanisms for this response.

Objective—To examine the neurochemical effects of GHRH in a subset of participants from the
parent trial.

Design—Randomized, double-blind, placebo-controlled substudy of a larger trial.

Setting—Clinical research unit at the University of Washington School of Medicine.

Participants—Thirty adults (17 with mild cognitive impairment [MCI]), ranging in age from 55
to 87 years, were enrolled and successfully completed the study.
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Interventions—Participants self-administered daily subcutaneous injections of tesamorelin
(Theratechnologies Inc), a stabilized analogue of human GHRH (1 mg/d), or placebo 30 minutes
before bedtime for 20 weeks. At baseline and weeks 10 and 20, participants underwent brain
magnetic resonance imaging and spectroscopy protocols and cognitive testing and provided blood
samples after fasting. Participants also underwent glucose tolerance tests before and after
intervention.

Main Outcomes and Measures—Brain levels of glutamate, inhibitory transmitters γ-
aminobutyric acid (GABA) and N-acetylaspartylglutamate (NAAG), and myo-inositol (MI), an
osmolyte linked to Alzheimer disease in humans, were measured in three 2×2×2-cm3 left-sided
brain regions (dorsolateral frontal, posterior cingulate, and posterior parietal). Glutamate, GABA,
and MI levels were expressed as ratios to creatine plus phospho-creatine, and NAAG was
expressed as a ratio to N-acetylaspartate.

Results—After 20 weeks of GHRH administration, GABA levels were increased in all brain
regions (P<.04), NAAG levels were increased (P=.03) in the dorsolateral frontal cortex, and MI
levels were decreased in the posterior cingulate (P=.002). These effects were similar in adults with
MCI and older adults with normal cognitive function. No changes in the brain levels of glutamate
were observed. In the posterior cingulate, treatment-related changes in serum insulin-like growth
factor 1 were positively correlated with changes in GABA (r=0.47; P=.001) and tended to be
negatively correlated with MI (r=−0.34; P=.06). Consistent with the results of the parent trial, a
favorable treatment effect on cognition was observed in substudy participants (P=.03). No
significant associations were observed between treatment-related changes in neurochemical and
cognitive outcomes. Glucose homeostasis in the periphery was not reliably affected by GHRH
administration and did not account for treatment neurochemical effects.

Conclusions—Twenty weeks of GHRH administration increased GABA levels in all 3 brain
regions, increased NAAG levels in the frontal cortex, and decreased MI levels in the posterior
cingulate. To our knowledge, this is the first evidence that 20 weeks of somatotropic
supplementation modulates inhibitory neurotransmitter and brain metabolite levels in a clinical
trial, and it provides preliminary support for one possible mechanism to explain favorable GHRH
effects on cognition in adults with MCI and in healthy older adults.

Trial Registration—clinicaltrials.gov Identifier: NCT00257712

Circulating levels of growth hormone (GH) and insulin-like growth factor 1 (IGF-1) decline
across the life span, a condition referred to as somatopause.1 Most of the GH measured in
plasma is produced in the pituitary,2 with some central nervous system tissues, such as the
hippocampus, also producing GH.3 Several different peptides act as regulators for the GH
system: 1 that is inhibitory, somatostatin, and 2 that are excitatory, ghrelin and GH-releasing
hormone (GHRH).4 As with GH, GHRH levels decrease with age.4,5 When given as an
injectable supplement, GHRH acts on its own receptors and directly stimulates GH release2

and IGF-1 synthesis by the liver.4 Unlike extrinsic GH supplementation, GHRH
administration modulates intrinsic regulatory systems and evokes a normal pulsatile pattern
of GH release.4

The behavioral effects of somatotropic supplementation have been examined in numerous
animal studies and in 6 double-blind placebo-controlled clinical studies to date.6–13

Supplementation with IGF-1 improves spatial and reference memory in aged rats,6–8 and, if
given to younger animals for 21 months, halts the behavioral decline in spatial memory that
occurs with aging.9 In humans, 3 of 4 GH supplementation studies demonstrated improved
cognitive function for 6 to 24 months,10–13 and 1 did not.14 We have conducted 2
randomized clinical trials of GHRH administration.15,16 In the first study, 6 months of
treatment with GHRH (1-29 NH2) (sermorelin acetate; Serono Laboratories) improved
performance on tests of fluid intelligence (working memory, planning and organization,
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selective attention, and processing speed) in healthy older adults.16 Our subsequent trial
replicated and extended this work to demonstrate positive cognitive effects not only in
healthy older adults but also in adults with amnestic mild cognitive impairment (MCI) who
are at increased risk of Alzheimer disease (AD) dementia.15

Although the favorable effects of somatotropic supplementation on neuronal activity,
including synaptic transmission and receptor density, are robust in animal studies (reviewed
by Deak and Sonntag17), research on the neurobiological effects of these hormones in
humans is quite limited. In 1 study, the cerebral glucose metabolic rate in the frontal cortex,
as measured with positron emission tomography, was positively correlated with serum
IGF-1 levels in older adults.18 In another imaging study, serum IGF-1 levels were positively
correlated with brain levels of N-acetylaspartate (NAA), a putative marker of neuronal
activity, in adults with persistent childhood GH deficiency.19 Imaging studies using
magnetic resonance spectroscopy (MRS) survey the common brain metabolites of choline-
containing compounds, creatine plus phosphocreatine (Cr), myo-inositol (MI), NAA, and
the sum of glutamate plusglutamine, spectra that often include contributions from γ-
aminobutyric acid (GABA). New techniques are increasingly used, such as J-resolved point-
resolved spectroscopy (J-PRESS),20 which permits separation of spectral composites into
the constituent neurotransmitters (glutamate, glutamine, N-acetylaspartylglutamate
[NAAG], and GABA), along with established approaches (eg, Mescher-Garwood [MEGA]
PRESS) to target single neurotransmitters with high specificity.21,22 Herein, we describe the
results of a brain imaging study using MRS to examine the effects of GHRH on inhibitory
and excitatory neurotransmitters in a subgroup of participants enrolled in a large randomized
clinical 20-week trial.15 In light of results from studies demonstrating brain areas vulnerable
to aging- or AD-related processes,23–27 we evaluated dorsolateral frontal, posterior
cingulate, and posterior parietal regions for changes.

METHODS
The 20-week parent study was registered on ClinicalTrials.gov (NCT00257712) and was
approved by the University of Washington and Veterans Affairs Puget Sound Health Care
System institutional review boards and by the Veterans Affairs Research and Development
Committee. The Consolidated Standards of Reporting Trials (CONSORT) flowchart
describing participant flow through the parent trial is published elsewhere.15 At baseline and
at weeks 10 and 20, participants completed magnetic resonance imaging (MRI) and MRS
imaging protocols and cognitive testing. At baseline and other specified time points during
the study, blood samples were collected for measurements of IGF-1, insulin, and glucose
after participants had been fasting. Participants also completed oral glucose tolerance tests
before and after treatment to further assess GHRH effects on glucose homeostasis.

PARTICIPANTS
Written informed consent was obtained for all MRS substudy participants. From 152 older
adults with normal cognitive function (86 adults) or amnestic MCI28 (66 adults) enrolled in
the parent trial, 30 participants (18 men) were enrolled in the MRS substudy (9 with MCI
and 7 with normal cognitive function received placebo; 8 and 6, respectively, received
GHRH). All participants successfully completed the imaging protocols.

INTERVENTION
In the parent study, participants were randomized in a 1:1 ratio in blocks of 4 to receive
either placebo or 1.0 mg/d of tesamorelin (henceforth, GHRH), a human GHRH analogue
(acetate salt of N-[trans-3-hexenoyl]-human GHRH [1-44] amide; Theratechnologies Inc),
which results in a pulsatile GH response and elevated serum IGF-1 to young adult normal
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levels,29 injected subcutaneously 30 minutes before bedtime for 20 weeks. The GHRH dose
was reduced because of an adverse event (eg, arthralgia and fluid retention) within the first 4
weeks of treatment in 4 substudy participants (2 women with normal cognitive function and
1 woman and 1 man with MCI), and the GHRH dose was increased for 1 substudy
participant (a man with MCI) when his serum concentration of IGF-1 failed to increase by at
least 15% over baseline. Each unblinded dose adjustment was yoked with a similar
adjustment for a placebo-treated participant. Other details regarding blinding, compliance,
safety monitoring, and dose adjustments in the parent trial are published elsewhere.15

COGNITION
Four parallel versions of the cognitive protocol were administered at baseline, at weeks 10
and 20, and after a 10-week wash-out (no MRS data were collected at week 30) in
counterbalanced order. The protocol included tests of executive function (Stroop Color-
Word Interference, Task Switching, Self-ordered Pointing Test, word fluency) and episodic
memory (story recall, Hopkins Verbal Learning Test, Visual-Spatial Learning Test, delayed
match-to-sample task). Composite scores were constructed by summing change z scores
within cognitive domain before analysis. Additional details regarding cognitive testing and
outcomes are published elsewhere.15

ASSAYS
Serum levels of IGF-1 were initially measured with a 2-site immunoradiometric assay,
which included an extraction step to remove IGF-1–binding proteins (DSL/Beckman
Coulter; 2.6% intra-assay and 4.5% interassay coefficients of variation). When the
manufacturer discontinued this assay, IGF-1 was measured using radioimmunoassay
(Mediagnost/IBL America; 3.5% intra-assay and 5.2% interassay coefficients of variation).
The 2 assays correlated linearly and all radioimmunoassay values were normalized to the
immunoradiometric assay standard with a linear correction algorithm.

Insulin and glucose were measured under fasting and challenge conditions in light of well-
established GH effects on energy metabolism. For the oral glucose tolerance test, blood was
first collected after a 12-hour fast for glucose and insulin measurements; participants then
consumed a 75-g dextrose solution, and blood was sampled 1 and 2 hours later. At
screening, participants meeting American Diabetes Association standard glycemic criteria
for diabetes, indicated by fasting plasma glucose levels above 125 mg/dL (to convert to
millimoles per liter, multiply by 0.0555) or 2-hour oral glucose tolerance test levels above
199 pg/mL, were excluded from enrollment.

IMAGING ACQUISITION AND PROCESSING
Before MRI, participants were given instructions to hydrate for 24 hours by drinking eight
8-oz glasses of water and to avoid caffeine for 2 hours before the procedure. They were
positioned comfortably on the 3T Philips scanner bed. Supplemental padding was used to
minimize head movement in an 8-channel head coil. Localizers in all 3 planes were obtained
with a 3-dimensional fast low-angle shot sequence, followed by a high-resolution
magnetization-prepared rapid gradient echo (MPRAGE) volume acquisition in the sagittal
plane (field of view, 24 cm; 256×256 matrix; isotropic 1×1×1-mm3 voxels; 10 minutes). The
MPRAGE sequence was then reformatted to generate coronal and axial image volumes.

Next, 2×2×2-cm3 voxels were localized in the left-sided dorsolateral frontal, posterior
cingulate, and posterior parietal regions (Figure 1). Three-plane voxel coordinates and
anatomic landmarks were tagged and screen saved to ensure accurate voxel relocalization
for follow-up MRI at weeks 10 and 20. At each voxel location, higher-order shimming was
performed, followed by a 24-echo water-suppressed PRESS acquisition (echo time [TE],
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35–380 milliseconds in 15-millisecond steps; repetition time, 2 seconds; number of signals
acquired, 16; 2048 points; bandwidth, 2000; approximately 14 minutes with shimming and
setup), with water-unsuppressed acquisitions used to evaluate for eddy current evaluation.
Data were saved to a Linux workstation and processed by using custom MATLAB software
(MathWorks) with C-scripts for TE-averaged (sum of 24 echoes) and J-PRESS data sets
(spectra reformatted as described elsewhere).20 Metabolites measured included GABA,
NAAG, glutamate, glutamine, and MI, for J-PRESS data sets and choline-containing
compounds, Cr, and NAA for TE-averaged data sets. Metabolites were referenced to Cr and
NAAG to NAA by convention.30 Gray-white (G/W) matter voxel fractions were obtained by
using SPM software (http://www.fil.ion.ucl.ac.uk) with custom MATLAB scripts for voxel
extraction (modified from the original source code by Mikael Montelius, MS).

STATISTICAL ANALYSIS
The analytic plan was similar to that used in the parent trial.15 The primary outcomes for the
MRS substudy included the inhibitory transmitters GABA and NAAG and the excitatory
transmitter glutamate. Although GHRH-related changes from baseline to week 20 were
predicted in light of the behavioral results, changes at week 10 were examined in post hoc
exploratory analyses. Before analysis, multiple regression and correlation procedures were
used to create residualized change scores at weeks 10 and 20 (ie, residuals from the
regression of longitudinal data on the baseline value). Residuals that serve as change scores
are adjusted for baseline differences and are inherently more stable than delta values.31 Age,
sex, and G/W matter voxel fractions were used as covariates in all models.

The GABA/Cr, NAAG/NAA, and glutamate/Cr ratios were subjected to a single
multivariate analysis of variance (MANOVA), with treatment group (GHRH vs placebo),
diagnosis (MCI vs normal cognitive function), and brain region (dorsolateral frontal,
posterior cingulate, or posterior parietal) as independent variables. When the MANOVA
results proved significant, subsequent univariate analyses of variance (ANOVAs) were
conducted on the constituent outcomes. When appropriate, pairwise comparisons by group,
diagnosis, or brain region were performed with use of ANOVAs rather than t tests to permit
covariates in the model. Similarly structured exploratory ANOVAs were performed on
secondary neurochemical outcomes (all referenced relative to Cr) including MI, choline-
containing compounds, NAA, and glutamine. The effects of GHRH on cognition and
glucose homeostasis in MRS sub-study participants were examined in post hoc analyses.
Correlational analyses explored relationships between baseline and treatment-related
changes in neurochemical outcomes, serum IGF-1 levels, glucose homeostasis, and
cognitive composites of executive function and verbal episodic memory scores (composites
that were sensitive to GHRH effects in the parent trial). Baseline neurochemical differences
by diagnosis (MCI vs normal cognitive function) were also examined by using ANOVA,
with adjustment for age, sex, and G/W matter voxel fraction. All analyses were performed
with Stata software (StataCorp).32

RESULTS
At baseline, characteristics of the participants were comparable across treatment groups for
diagnosis, cognitive status, age, and educational level; body composition; and serum IGF-1,
fasting insulin, and glucose levels (Table 1); no differences in metabolites were observed by
treatment group assignment or diagnosis (data not shown).

The omnibus MANOVA on GABA/Cr, NAAG/NAA, and glutamate/Cr indicated a
significant effect of GHRH (main effect of treatment, F3,22 = 6.17; P = .003), which was
comparable in adults with MCI and in healthy older adults (no treatment × diagnosis
interaction; P = .48). The results of subsequent ANOVAs on constituent outcomes indicated
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that for GABA/Cr, ratios increased with 20 weeks of GHRH administration (main effect of
treatment, F24 = 13.62; P = .001; Figure 2) in all brain regions sampled (no treatment ×
region interaction; P = .98) for adults with or without MCI (no treatment × diagnosis
interaction; P = .90) (eFigure, A; http://www.jamaneuro.com).

Separate exploratory analyses by brain region confirmed widespread effects of GHRH on
GABA/Cr ratios (dorsolateral frontal region, F22 = 4.57 [P = .04]; posterior cingulate, F23 =
7.37 [P = .01]; posterior parietal, F23 = 5.58 [P = .03]). (The posterior parietal region
sampled included relatively more white matter, and J-PRESS tends to overestimate GABA
in white matter [J.E.J., written communication, July 2, 2012].) There were regional
differences in NAAG/NAA ratios in response to GHRH administration (treatment × region
interaction, F2,50 = 4.06; P = .02) (Figure 3); the results of post hoc analyses indicated
treatment-related increases in regions with relatively more gray (frontal or cingulate region)
than white matter (parietal region) for both diagnostic groups (no treatment × diagnosis
interaction; P = .77) (eFigure, B), most notably in the frontal cortex (P = .03). The univariate
analysis of glutamate/Cr ratios indicated no significant main or interaction effects involving
treatment (P >.35).

The result of secondary analyses indicated that MI/Cr ratios decreased with 20 weeks of
GHRH administration in the posterior cingulate (F23 = 11.57; P = .002) in adults with or
without MCI (no treatment × diagnosis interaction; P = .21) (eFigure, C), but not in the
dorsolateral frontal (P = .61) or parietal (P = .53) regions. This difference was supported by
a treatment × region interaction in the omnibus analysis (ANOVA, F2,50 = 3.88; P = .03)
(Figure 4). There were no other treatment effects on neurochemical measurements, and
GABA, NAAG, and MI levels were unchanged from baseline to 10 weeks of treatment (all
P >.14).

Post hoc analysis of GHRH effects on executive function and verbal memory composite
scores indicated that the benefits observed for the larger group in the parent trial were also
observed in the smaller group of MRS participants (MANOVA for main effect of treatment,
with adjustment for age, educational level, and Mini-Mental State Examination score, F2,20
= 4.02; P = .03) (Table 2). Cognitive response to GHRH did not differ between participants
who opted in and those who opted out of the MRS substudy (P = .53). There were no
reliable effects of treatment on peripheral measures of glucose homeostasis. Although
fasting insulin levels increased for GHRH-treated adults with MCI in the parent trial (P = .
005), this effect failed to reach significance in the substudy (P = .12).

Exploratory correlational analyses indicated that in the posterior cingulate region, the
baseline GABA/Cr ratio was positively correlated with the serum IGF-1 concentration (r =
0.40; P = .03), as was the change from baseline to week 20 in these measures for the entire
MRS sub-study cohort (r = 0.47; P = .001). Although changes in GABA/Cr ratios and
fasting insulin concentrations were associated for the substudy cohort (r = 0.41; P = .03),
when the fasting insulin concentration was included as an additional covariate in the
structured ANOVA for GABA/Cr, the initial findings remained unchanged. Treatment-
related changes in MI/Cr ratios tended to be negatively correlated with IGF-1 (r = −0.34; P
= .06). In the dorsolateral frontal cortex, although the serum IGF-1 concentration and
NAAG/NAA ratio were positively correlated at baseline (r = 0.41; P = .02), treatment-
related changes in these measures from baseline to week 20 were not (r = −0.07; P = .71).
There were no other associations involving neurochemical outcomes, serum IGF-1 and
fasting insulin levels, and cognitive composite scores (all P > .05). A summary of the
correlational analyses is provided online (eTable).
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DISCUSSION
In adults with MCI and healthy older adults, 20 weeks of GHRH administration increased
GABA/Cr ratios in the left dorsolateral frontal, left posterior cingulate, and left posterior
parietal regions and NAAG/NAA ratios in the left dorsolateral frontal region. Treatment
with GHRH did not affect glutamate, the predominant excitatory neurotransmitter in the
brain. Myo-inositol, an osmolyte and precursor of phospholipids that has been found to be
elevated with increasing neuropathological severity associated with AD,33–35 was decreased
in the left posterior cingulate region after treatment. Although the implications of MI
changes have been the source of much speculation, this and our other neurochemical
findings suggest that GHRH may have beneficial effects on neurotransmitter and osmotic
changes linked to aging and AD.

The role of GABA as the major inhibitory neurotransmitter, ubiquitous in the central
nervous system, is well characterized (reviewed by Rossignol36). Although the animal
literature suggests that GABA receptor changes may underlie the beneficial memory effects
of somatotropic supplemention,8 to our knowledge, our findings provide the first evidence
that GHRH administration increases inhibitory neurotransmitter levels in the brain. The
diverse functional role of NAAG as a peptide neurotransmitter has only recently been
characterized (reviewed by Neale et al37). In a few postmortem studies of AD, NAAG levels
are reduced (levels in the occipital lobe are less than levels in the temporal lobe, which are
less than levels in the frontal lobe).38 Unlike neurotransmitters that act on ionotropic
receptors, NAAG acts on metabotropic glutamate receptor 3, present on both neurons and
glia.37 A secondary form of NAAG, NAAG2, was recently identified, and its function and
distribution are still undetermined.39 In the absence of clear evidence to indicate that NAAG
has effects other than inhibiting neurotransmission, perhaps the most parsimonious
conclusion from our data at this point is that 20 weeks of GHRH treatment enhances
inhibitory features of brain network activity (GABA and NAAG).

A range of studies demonstrates aging-related changes in GABA and an important role of
efficient inhibitory processing for successful cognition. In the auditory cortex, the synthesis
enzyme for GABA, glutamic acid decarboxylase, is reduced with aging within most cortical
layers (II–V).40 Although this effect is not as widespread in the parietal cortex, enzyme
reductions in the hippocampus support focused involvement in that region.40 Aging- or
disease-related changes in the balance of inhibitory to excitatory activity in the brain may
represent an important marker of brain function efficiency. Majdi and colleagues41 reported
that the expression of proteins associated with excitatory and inhibitory postsynaptic sites in
the prefrontal and parietal cortical regions were altered in older cognitively impaired mice
compared with older unimpaired or young mice, implicating a potential important role of
excitatory-inhibitory tone in aging-related cognitive impairment.

In a chemically induced model of behavioral deficit using the noncompetitive N-methyl-D-
aspartate receptor antagonist phencyclidine,42 transplantation of embryonic medial
ganglionic eminence into the frontal lobe either before or after phencyclidine treatment
selectively causes growth of GABAergic interneurons and a reversal of cognitive
impairment.42 In theoretical models, it has been suggested that deficits in GABA result in
poorer performance because of an increase in background noise relative to stable stimulus
strength, whereas supplementation overcomes this condition.43 Consistent with this
interpretation, reduced levels of dorsolateral prefrontal GABA in humans are related to
greater impulsivity44 and increased perseveration in schizophrenia.45

Our study has several limitations. The sample size was small and only 3 brain regions were
analyzed with MRS. Although the method used (J-PRESS) has been shown to be sufficient
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and reproducible for measuring GABA,46 further studies using more sensitive editing
approaches (eg, MEGA-PRESS) would be helpful to improve sensitivity. The anatomic
coordinates selected for examination in the brain may have precluded our ability to detect
associations between GHRH effects on neurochemical outcomes and cognition in our study.
For example, in studies in which the anatomic target for MRS is highly localized to the
behavior being surveyed, close concordance between GABA and function is observed; a
high correlation was demonstrated between visual discrimination tasks and
magnetoencephalographic measures of gamma band activity (probably mediated by
GABA23), functional MRI findings, and GABA in the visual cortex.21,47 Similar findings
are reported for motor control and GABA in the supplementary motor area48 and for tactile
discrimination and GABA in the sensorimotor cortex49; control regions selected to assess
cortical GABA levels remote from the site of interest demonstrated no concordance with
performance.49,50

Future work evaluating metabolite-behavior changes induced by GHRH in targeted task-
specific regions will be useful to evaluate whether GHRH-related effects on inhibitory
neurochemistry tone might account for GHRH-related improvements in cognitive function.
Our data do not permit us to resolve whether brain neurochemical treatment effects were due
to indirect GHRH effects in the periphery or direct GHRH effects in the brain. Although the
role of GH on glucose homeostasis is well established, we did not observe consistent
treatment effects on glucose or insulin under fasting or challenge conditions, and treatment-
related change in neurochemical outcomes were not correlated with these measures. The
effects of GHRH on brain glucose metabolism have yet to be explored in clinical trials.

In summary, 20 weeks of GHRH administration increased brain levels of the inhibitory
transmitters GABA and NAAG and decreased MI levels both in adults with MCI and in
healthy older adults. These treatment-related changes are consistent with amelioration of
aging- or disease-related biochemical processes in the brain. Although larger and longer-
duration treatment trials are needed to confirm these preliminary findings, our pilot study
provides additional evidence to support positive GHRH effects on brain function in normal
and pathological aging.
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Figure 1.
Voxel locations (white boxes) in the posterior cingulate (A), dorsolateral frontal (B), and
parietal (C) regions.
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Figure 2.
Mean (SE) baseline to week 20 change in the ratio of γ-aminobutyric acid (GABA) to
creatine plus phosphocreatine (Cr) by treatment group (placebo vs growth hormone–
releasing hormone [GHRH]), expressed as residualized change scores. WM, white matter.
*P <.05.

Friedman et al. Page 13

JAMA Neurol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Mean (SE) baseline to week 20 change in the ratio of N-acetylaspartylglutamate (NAAG) to
N-acetylaspartate (NAA) by treatment group (placebo vs growth hormone–releasing
hormone [GHRH]), expressed as residualized change scores. WM, white matter. *P <.05.
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Figure 4.
Mean (SE) baseline to week 20 change in the ratio of myo-inositol (MI) to creatine plus
phosphocreatine (Cr) by treatment group (placebo vs growth hormone–releasing hormone
[GHRH]), expressed as residualized change scores. WM indicates white matter. *P <.05.
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Table 1

Baseline Characteristics by Treatment Group and Diagnosis

Characteristic

Mean (SD)a

GHRH Group Placebo Group (n = 16)

Normal Cognitive Function MCI Normal Cognitive Function MCI

Participants, No. (No. female) 6 (3) 8 (2) 7 (3) 9 (4)

Age, y 66.8 (9.0) 69.4 (8.3) 64.4 (8.7) 70.1 (7.2)

Educational level, y 17.5 (2.6) 17.8 (2.4) 16.7 (2.5) 16.8 (2.0)

MMSE 29.3 (1.0) 29.4 (1.4) 29.4 (0.5) 28.8 (1.5)

Story recall scoreb 60.3 (14.3) 40.1 (16.4) 60.0 (11.6) 44.7 (12.8)

BMI 25.7 (3.2) 28.1 (3.9) 25.3 (5.0) 27.4 (3.4)

IGF-1, ng/mL 158 (92) 231 (78) 206 (66) 161 (46)

Insulin, μIU/mL 4.2 (0.8) 8.0 (5.6) 5.5 (3.7) 6.4 (3.8)

Glucose, mg/dL 97 (7.2) 104 (11.0) 93 (6.5) 97 (12.1)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); GHRH, growth hormone–releasing
hormone; glucose, fasting plasma glucose concentration; IGF-1, fasting serum concentration of insulinlike growth factor 1; insulin, fasting plasma
insulin concentration; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination score (maximum score, 30).

SI conversion factors: To convert IGF-1 to nanomoles per liter, multiply by 0.131; insulin to picomoles per liter, by 6.945; and glucose to
millimoles per liter, by 0.0555.

a
Data represent mean (SD) values unless otherwise noted.

b
Significant baseline difference by diagnosis (P <.05).
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Table 2

Changes in Cognitive Performance by Treatment Group and Diagnosisa

Test

z Score, Mean (SE)

GHRH Group Placebo Group

Normal Cognitive Function MCI Normal Cognitive Function MCI

Executive function composite 0.39 (0.24) −0.07 (0.19) −0.09 (0.11) −0.42 (0.13)

 Task-switching accuracy 0.61 (0.18) 0.11 (0.16) −0.18 (0.24) −0.75 (0.37)

 Stroop interference RT 0.30 (0.18) −0.23 (0.47) −0.18 (0.18) −0.56 (0.29)

 SOPT accuracy 0.51 (0.32) 0.11 (0.28) 0.27 (0.39) −0.17 (0.36)

 Word fluency 0.22 (0.43) −0.29 (0.41) −0.29 (0.31) −0.22 (0.27)

Verbal memory composite 0.39 (0.45) 0.21 (0.25) 0.16 (0.20) −0.48 (0.17)

 Story total recall 0.40 (0.44) 0.44 (0.42) 0.33 (0.26) −0.25 (0.23)

 HVLT total recall 0.37 (0.48) −0.02 (0.45) −0.004 (0.32) −0.71 (0.27)

Abbreviations: GHRH, growth hormone–releasing hormone; HVLT, Hopkins Verbal Learning Test; MCI, mild cognitive impairment; RT, reaction
time measured using voice onset latency; SOPT, Self-ordered Pointing Test.

a
Values represent mean changes in performance, expressed as z scores of residualized change scores, by treatment assignment and diagnosis at

week 20 relative to baseline. The z scores are unadjusted for covariates that were included in the model (age, educational level, and baseline Mini-
Mental State Examination score).
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