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Abstract
Purpose—Hypothalamic GABA signaling has been shown to regulate the hormonal response to
hypoglycemia in animals. The hypothalamus is a challenging brain region for magnetic resonance
spectroscopy (MRS) due to its small size and central location. To investigate the feasibility of
measuring GABA in the hypothalamus in humans, ultra-high field MRS was used.

Methods—GABA levels in the hypothalamus and occipital cortex (control region) were
measured in healthy volunteers during euglycemia and hypoglycemia at 7 tesla using short-echo
STEAM (TE=8ms, TR=5s).

Results—Hypothalamic GABA levels were quantified with a mean within-session test-retest
coefficient of variance of 9%. Relatively high GABA levels were observed in the hypothalamus
compared to other brain regions. Hypothalamic GABA levels were 3.5±0.3 µmol/g during
euglycemia (glucose 89±6 mg/dL) vs. 3.0±0.4 µmol/g during hypoglycemia (glucose 61±3 mg/dL)
(P=0.06, N=7). In the occipital cortex, GABA levels remained constant at 1.4±0.4 vs.1.4±0.3
µmol/g (P=0.3, N=5) as glucose fell from 91±4 to 61±4 mg/dL.

Conclusion—GABA concentration can be quantified in the human hypothalamus and shows a
trend towards decrease in response to an acute fall in blood glucose. These methods can be used to
further investigate role of GABA signaling in the counter regulatory response to hypoglycemia in
humans.
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Introduction
γ-Aminobutyric acid (GABA) is the primary inhibitory neurotransmitter and is widely
distributed throughout the central nervous system. Changes in GABA levels have been
implicated in several neurological and psychiatric disorders (1, 2). GABA further appears to
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be involved in the response of the brain to changes in fuel availability. Namely, recent work
in animal models suggested hypothalamic GABA signaling to play an important role in
regulating the counterregulatory hormone response to hypoglycemia (3). If blood glucose is
reduced to below physiological levels, the nervous system responds with a coordinated
hormonal response to recover from hypoglycemia, which involves the sequential secretion
of counterregulatory hormones including glucagon, epinephrine, growth hormone and
cortisol. Glucose sensing neurons in the hypothalamus, particularly the ventromedial
hypothalamic nucleus (VMH), are thought to play an important role in this response (4,5).
Thus, local VMH glucopenia causes the release of counterregulatory hormones (6), whereas
infusion of glucose into the VMH suppresses their release during systemic hypoglycemia
(7). A decrease in the local availability of glucose within the VMH is thought to lower local
GABA release, which in turn modulates the magnitude of hypoglycemia induced hormone
secretion (8). Increased GABAergic tone within the VMH in rats has been shown to
suppress the counterregulatory response to subsequent episodes of hypoglycemia and has
been implicated in the development of hypoglycemia associated autonomic failure (HAAF)
(3,9). HAAF develops in patients with diabetes who are exposed to recurrent iatrogenic
hypoglycemia, therefore understanding the role of hypothalamic GABA in the coordination
of the counterregulatory response to hypoglycemia in humans has clinical implications.
Implementation and validation of magnetic resonance (MR) methodology that can reliably
assess the inhibitory GABA tone in the hypothalamus in humans is desirable to address the
role of hypothalamic GABA in coordinating the counterregulatory response to
hypoglycemia in both health and disease.

MR spectroscopy (MRS) of GABA in the hypothalamus is challenging due to the small size
of this brain region and its location in the center of the brain. The feasibility of acquiring
proton spectra from the human hypothalamus was demonstrated previously; however GABA
concentrations were not reported in these studies (10, 11). In this study we investigated the
feasibility of quantifying hypothalamic GABA levels using ultra-high field MRS, a multi-
channel transceiver array coil and local transmit B1 (B1

+) shimming (12). We further
explored whether hypothalamic GABA levels decrease in response to acute hypoglycemia in
healthy volunteers. Based on prior observations in rodents using microdialysis (8), we
hypothesized that healthy volunteers will have lower concentrations of GABA in the
hypothalamus during hypoglycemia as compared to euglycemia. To insure that any changes
seen are specific for the hypothalamus, we also studied the occipital cortex as a control
region.

Methods
Subjects

Thirteen healthy volunteers were recruited for measurement of GABA concentration in the
hypothalamus. Four subjects were studied to assess the within-session test-retest coefficient
of variance (CV) of the GABA measurement without intravenous (IV) infusions in the
scanner (3F/1M, age 30±5 years and BMI 22±4 kg/m2, mean±SD). Seven subjects
successfully completed a euglycemic/hypoglycemic clamp study in the scanner during
which GABA levels were obtained from the hypothalamus (3F/4M, age 28±5 years and
BMI 23±3 kg/m2). Six subjects were recruited for GABA measurement in the occipital
cortex during a euglycemic/hypoglycemic clamp. Five subjects successfully completed the
occipital cortex experiment(1M/4F,age 31±4 years and BMI 24±5 kg/m2). Four out of 5
subjects in the occipital cortex study also participated in the hypothalamus study. For
subjects who participated in both hypothalamus and occipital cortex experiments, studies
were scheduled at least 6 weeks apart. The incomplete clamp studies from 6 subjects in the
hypothalamus and 1 in the occipital cortex experiment were excluded due to excessive head
movement during the scan. Specifically, data were excluded if spectral linewidths degraded

Moheet et al. Page 2

Magn Reson Med. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



over time during the study and if the localizer showed more than a 2mm change in voxel
position in any direction at the end of the scan. Before participation, all subjects provided
informed consent as governed by the Institutional Review Board at the University of
Minnesota.

Experimental protocol for test-retest assessments in the hypothalamus
To assess the within-session test-retest reproducibility of GABA quantification in the
hypothalamus, 5 consecutive spectra were acquired from the hypothalamus in 10 minute
blocks.

Experimental protocol for euglycemic/hypoglycemic clamp studies
On the day of study, subjects arrived at the Center for Magnetic Resonance Research
(CMRR) in the morning after an overnight fast. Upon arrival, an IV catheter was placed
antegrade in a forearm for subsequent IV infusions. IV catheters were placed retrograde in
one or both lower legs for blood sampling. The leg used for blood sampling was wrapped in
heated towels and hot packs to arterialize the venous blood (13). Subjects underwent a 2-
step hyperinsulinemic clamp in which insulin was infused at a rate of 2.0 mU/kg/min and
potassium phosphate at a rate of 4 mEq/hour. Blood glucose was initially maintained at 90
mg/dL by the IV infusion of 20% dextrose while the MRS data were collected according to
the protocol detailed below. After collection of data in the euglycemic condition, blood
glucose was allowed to drop to 50 mg/dL by the discontinuation of the dextrose infusion,
and then maintained at the hypoglycemic plateau by a variable dextrose infusion (Fig. 1).
MRS data were acquired continuously in 10 minute blocks as blood glucose was dropped
and clamped around 50 mg/dL. Samples for blood glucose were collected every 5 minutes.

Laboratory analyses
Plasma glucose concentration was measured in duplicates during the scanning session using
an Analox machine (Analox Instruments, Lunenburg, MA). Blood samples obtained for
measurement of counterregulatory hormones were sent to Vanderbilt Diabetes Research and
Training Center core laboratory for analysis. Plasma epinephrine and norepinephrine were
measured by high-performance liquid chromatography (Dionex, formerly ESA, Inc.).
Plasma growth hormone and cortisol were measured by radioimmunoassay (Diagnostic
Products Corporation, Inc). Plasma glucagon was measured by radioimmunoassay (modified
Millipore, Merck).

MR protocol
MR experiments were performed using a 7T, 90-cm horizontal bore magnet (Magnex)
equipped with a Siemens console. For data acquisition from the hypothalamus, a 16-channel
transmit/receive transmission line array head coil was used (14). Destructive B1

+

interferences in the volume-of-interest (VOI) were reduced by localized B1
+ shimming as

described before (12). For data acquisition from the occipital cortex, an elliptical quadrature
half-volume transceiver was used as described previously (15). Images acquired with a 1-
mm isotropic resolution MPRAGE sequence (repetition time TR = 3 s, inversion time TI =
1.5 s, echo time TE = 3.67 ms, 192 partition-encode steps, 256 phase-encode steps, 256 data
points in the read direction, nominal flip angle = 6°, total acquisition time = 6 min 58 s)
were used for the selection of the VOI. All first- and second-order shims were adjusted
using FASTMAP with echo-planar imaging readout (16). Spectra were acquired from the
hypothalamus (13 × 12 × 10 mm3) and occipital cortex (22 × 22 × 22 mm3) with a short-
echo stimulated echo acquisition mode (STEAM) sequence (TE = 8 ms, TR = 5 s, mixing
time TM = 32 ms, in blocks of 128 transients) with variable power RF pulses with optimized
relaxation delays (VAPOR) water suppression and outer volume saturation (12, 17).
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Symmetric sinc RF pulses (1.5 ms, 5.9 kHz bandwidth) were used for STEAM localization
and required a peak B1 of 34 μT, which was achieved with ~5.3 kW peak power(~330 W
per channel) at the array head coil together with local B1

+ shimming (12) in the
hypothalamus (Fig. 2c). Unsuppressed water spectra acquired from the same VOI were used
to remove residual eddy current effects and to reconstruct the phased array spectra obtained
with the 16-channel coil (18). Single-shot data were saved during acquisition. When the
signal-to-noise ratio (SNR) of single-shot data was sufficient (i.e. in the occipital cortex),
individual FIDs were frequency and phase corrected prior to summation. When the SNR
was not sufficient (in the hypothalamus), data were first averaged over 16 scans, then
corrected for frequency variations and summed. Localizer images were repeated at the end
of the scanning session to assess gross motion.

Metabolite quantification
Metabolites were quantified using LCModel (19). The model spectra of alanine (Ala),
aspartate (Asp), ascorbate/vitamin C (Asc), glycerophosphocholine (GPC), phosphocholine
(PC), creatine (Cr), phosphocreatine (PCr), GABA, glucose (Glc), glutamine (Gln),
glutamate (Glu), glutathione (GSH), myo-inositol (myo-Ins), lactate (Lac), N-acetylaspartate
(NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), scyllo-inositol
(scyllo-Ins) and taurine (Tau) were generated based on previously reported chemical shifts
and coupling constants (20,21). Macromolecule spectra were acquired from the occipital
cortex of 5 volunteers using an inversion recovery sequence (TR = 2 s, TI = 0.680 s) (22).
Concentrations were not corrected for T1 and T2 effects because long TR and ultra-short TE
values were used. Metabolites quantified with Cramér-Rao lower bounds (CRLB, estimated
error of the metabolite quantification) > 50% were classified as not detected, as
recommended by the LC Model manual (23). If the correlation between two metabolites was
consistently high (correlation coefficient < −0.5) in a given region, their sum was used for
analysis, such as Glc + Tau, NAA + NAAG (tNAA, total NAA), Cr + PCr (tCr, total
creatine), GPC + PC (tCho, total choline). Due to unavoidable and substantial contributions
of cerebrospinal fluid (CSF) to the hypothalamus VOI at the midline, metabolite
concentrations obtained from this VOI were corrected for CSF by using the fractional CSF
content of the voxel obtained by segmenting the MPRAGE images with SPM8.

Statistical analysis
Within-session test-retest reliability of the GABA concentrations in the hypothalamus
(during normoglycemia, with no infusions) is summarized within-person coefficient of
variation (CV). For the clamp studies, GABA levels obtained during the last 10 minute
block of euglycemia, and during the first 10 minute block after the participant’s glucose fell
below 70 mg/dL, were used for analysis. The full time course during the hypoglycemic
clamp was not utilized since the last 1 or 2 data points were not available in 3 of the 7
volunteers who completed the hypothalamus experiment. For each region separately, GABA
concentrations are presented as mean ± SD by experimental condition. While our a priori
hypothesis was that hypothalamic GABA would fall with falling glucose, due to the small
sample size we chose to conservatively use a two-sided (rather than one-sided) paired t-test
to compare between the euglycemic and hypoglycemic conditions in the hypothalamus as
well as in the occipital cortex. As exploratory analyses, other neurochemical measuments
and counterregulatory hormones were compared between the euglycemic and hypoglycemic
conditions with two-sided paired t-tests. A P-value of <0.05 indicated significant difference.

Results
Representative 1H MR spectra obtained at 7T from the hypothalamus and occipital cortex of
healthy volunteers are shown in Figure 2. Despite the small size and central location of the
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hypothalamic VOI close to air-tissue interfaces, good quality spectra (acceptable SNR,
excellent linewidths and water suppression, free of unwanted coherences) were obtained
from this brain region. B1 shimming ensured that a B1

+ of at least 34 µT was available for
the hypothalamus VOI, which was confirmed directly by calibration of the RF pulses in
STEAM. For example in the volunteer shown in Figure 2c, the fraction of available B1

+ in
the region-of-interest selected around the hypothalamus VOI was 58% before and 94% after
B1 shimming, and the predicted relative transmit efficiency (12) was 1.6. The spectral
quality allowed the quantification of 8 neurochemicals (tNAA, tCr, tCho, myo-Ins, Glu, Gln,
GABA, Glc+Tau) in the hypothalamus with mean CRLB ≤ 20% from spectra averaged over
10 minutes (128 transients) (Table 1). Among these, GABA was quantified with mean
CRLB of 15%. The mean within-session test-retest CV of the GABA measurement in 4
subjects who were studied during normoglycemia was 9% (range 3%–13%). In the occipital
cortex, GABA was quantified with mean CRLB of 10% from spectra averaged over 10
minutes. GABA concentration under euglycemia was 2–3 fold higher in the hypothalamus
than in the occipital cortex (3.5±0.3 μmol/g vs. 1.4±0.3 μmol/g).

Seven subjects successfully completed the two step hyperinsulinemic clamp without moving
their head and displacing the hypothalamic voxel at least until the end of the first 10 minute
data acquisition during hypoglycemia. In these subjects, blood glucose dropped from 89±6
mg/dL during euglycemia to 61±3 mg/dL (P < 0.0001, Fig. 3) as hypothalamic GABA
concentration changed from 3.5±0.3 to 3.0±0.4 µmol/g (P = 0.06, Fig. 3) during the first 10
minutes of hypoglycemia. Figure 4 demonstrates the stability of the spectral and LC Model
fitting quality in the euglycemic vs. hypoglycemic states in one subject in whom the average
GABA response (~0.5 µmol/g) was observed. This 12% decrease in GABA was greater than
the 9% test-retest CV determined for GABA measurement during normoglycemia. Glucose
+ taurine (P = 0.002) and myo-inositol (P = 0.03) also decreased during hypoglycemia,
while other metabolites did not change during hypoglycemia as compared to euglycemia
(Table 1). In the occipital cortex, as blood glucose dropped from 91±6 mg/dL at baseline to
61±4 mg/dL (P = 0.001), GABA concentration remained stable (1.4±0.3 µmol/g vs. 1.4±0.4
µmol/grespectively, P = 0.3, Fig. 3). Peak epinephreine, glucagon, growth hormone,
norepinephrine and cortisol levels were significantly higher during hypoglycemia as
compared to euglycemia during both hypothalamus and occipital cortex studies (Table 2),
demonstrating that sufficient hypoglycemia was attained to stimulate a counterregulatory
response.

Discussion and Conclusions
To our knowledge this is the first report of the measurement of hypothalamic GABA
concentrations in healthy humans. We detected high GABA concentrations in the
hypothalamus relative to cortical areas and were able to measure these with excellent within-
session test-retest reproducibility. In addition, we investigated the feasibility of monitoring
hypothalamic GABA levels during hyperinsulinemic euglycemic and hypoglycemic clamps
in the scanner. These exploratory studies underlined the sensitivity of the hypothalamic
measurements to subject motion during hypoglycemia, but also revealed a trend for a
decrease in GABA in response to hypoglycemia.

GABA concentrations have been measured by MRS in the frontal and occipital cortical
areas previously (24–27). However, GABA measurements in the hypothalamus have not
been possible before due to the small size and central location of the structure in the brain.
In the current study, these limitations were overcome with recently developed MRS
methodology at ultra-high field (12). This methodology takes advantage of the high
sensitivity of 7T, utilizes B1

+ shimming with a multi-channel transceiver array to optimize
transmit efficiency and thereby enables acquisition of spectra with a low chemical shift

Moheet et al. Page 5

Magn Reson Med. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



displacement error (< 5% / ppm / direction) and, lastly, utilizes ultra-short TE to minimize J-
evolution and signal loss to T2 relaxation. With our current approach, hypothalamic GABA
was quantified with CRLB < 20%, which is generally accepted to demonstrate reliable
quantification. We found that under euglycemic conditions, GABA levels were higher in the
hypothalamus (~3.5 μmol/g) than the occipital cortex (~1.4 μmol/g), which is consistent
with prior observations in rodents, both by postmortem analysis of brain extracts (28) and by
in vivo 1H MRS at ultra-high field (29). In addition, the GABA levels obtained from the
occipital cortex in this study were consistent with those reported by MRS from this region
previously (24, 27). The CRLB obtained for GABA in the occipital cortex were lower than
those in the hypothalamus despite the lower GABA concentrations in the occipital cortex
due to the larger voxel size and the resulting substantially higher SNR (Fig. 2).

In this study, we chose to utilize non-edited spectroscopy to measure GABA levels despite
challenges in quantification in the presence of overlapping resonances such as tCr. The use
of the more conventional MEGA-PRESS editing method for GABA detection was not
practical due to SNR limitations. First, the hypothalamic VOI was very small (1.6 mL).
Second, perfect MEGA-PRESS editing for an AX2 spin system such as GABA reduces
editing efficiency to a maximum of 50%. Finally, another 50% of the signal would be lost to
T2 relaxation based on the longer echo time (TE = 69 ms) required to accommodate the
editing pulses and the anticipated T2 (< 100 ms) for GABA (26). The GABA concentrations
obtained from the hypothalamus using non-edited MRS were reliable not only based on
CRLB, but also established cross-correlation criteria: Namely, GABA was quantified with
correlation coefficients with tCr of ~ −0.4 (r > −0.5), indicating that GABA and tCr
concentrations were not correlated to each other and thus the individual concentrations were
reliable.

In this study we observed a trend for GABA drop in hypothalamus in response to
hypoglycemia, while GABA levels remained constant in the occipital cortex, consistent with
the potential involvement of hypothalamic GABAergic tone in the regulation of
counterregulatory response by this structure. Since this study’s primary goal was to
demonstrate the feasibility of GABA measurement in the hypothalamus, it was not powered
to test whether there was a significant drop in hypothalamic GABA during hypoglycemia.
On the other hand, the strong trend we observed for a GABA drop in the hypothalamus in
response to hypoglycemia demonstrates that further studies of this response by ultra-high
field MRS are warranted. If future studies demonstrate a GABA drop in hypothalamus in
response to hypoglycemia, this would be consistent with prior fMRI results. Namely, the
hypothalamus is activated during hypoglycemia (31), which implies a lower GABAergic
tone in this region. Conversely, glucose intake lowers hypothalamic neuronal activity
(32,33), which would presumably be associated with a higher GABAergic tone in this area.
Note that other fMRI studies showed that oral intake of glucose decreases hypothalamic
neuronal activity more effectively than IV glucose administration, suggesting other factors
besides blood glucose, including insulin, may be involved in this response (34). In the
current study we could generate a well-controlled hypoglycemic state only with IV insulin/
glucose clamps; therefore insulin did not change during the transition from euglycemia to
hypoglycemia. Future studies are needed to investigate the effects of insulin, as well as oral
vs. IV glucose intake, in the hypothalamic GABA response to changes in blood glucose.

Another consideration in interpreting MRS-observed GABA changes is that 1H MRS
measures the total concentration of GABA within a localized region without differentiating
between separate functional pools of GABA. It primarily measures intracellular GABA
since the extracellular concentrations are much lower than intracellular concentrations. The
exploratory component of this study was based on the rationale that hypothalamic GABA
release is decreased in response to hypoglycemia as assessed by microdialysis in the rodent
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brain (8). Such decreased release (lower extracellular GABA) could be either associated
with increased intracellular GABA levels (due to higher uptake or lower utilization), or with
decreased intracellular GABA levels (due to reduced synthesis). The rate of GABA
synthesis has been shown to be reduced in rodents during insulin-induced hypoglycemia,
possibly due to reduced substrate availability (35,36), providing the rationale for expecting
lower GABA levels as measured by MRS in the current study.

Glucose + taurine and myo-inositol levels also decreased in the hypothalamus during
hypoglycemia (Table 1). A decrease in glucose in the hypothalamus is expected during
hypoglycemia; however the etiology for change in myo-inositol is not clear and could be
related to changes in osmolarity.

The hypoglycemia studies further revealed the sensitivity of the hypothalamic measurement
to minor subject motions. Namely, even minimal head movements on the order of 1–2 mm
were enough to substantially displace the voxel from the region of interest since voxel
dimensions were 10–13 mm. Such head movement is almost unavoidable during
hypoglycemia because of the strong adrenergic response that is elicited by the fall in blood
glucose. Study participants typically experience tremor, diaphoresis, and anxiety during the
hypoglycemic phase of the experiment, which often leads to head movement. We expect that
this limitation will be overcome in the near future by utilizing prospective motion
correction, e.g. by optical tracking (37).

In summary, good quality 1H spectra can be obtained from the human hypothalamus despite
the small size and central location of this region. GABA concentrations can be reliably
quantified from these spectra. These methods can be used to further investigate the role of
GABA signaling in regulation of the counterregulatory response to hypoglycemia in
humans, given that issues with subject motion can be minimized using motion tracking
methodology.
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Figure 1.
Experimental protocol for euglycemic/hypoglycemic clamp studies during which GABA
levels were obtained from the hypothalamus or occipital cortex.
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Figure 2.
Spectral quality obtained at 7T from the occipital cortex (a) and hypothalamus (b) and B1

+

shimming results in the hypothalamus of a healthy volunteer. 1H MR spectra (right in a and
b) were obtained with STEAM (TR = 5 s, TE = 8 ms, TM = 32 ms, 128 transients) from the
volumes-of-interest shown on T1-weighted mid-sagittal and coronal images (left in a and b).
The hypothalamus spectrum was acquired with a 16-channel transceive array coil, while the
occipital cortex spectrum was acquired with a quadrature half-volume transceiver. The FIDs
were multiplied with a Gaussian function (σ = 0.08 s) prior to Fourier transformation. The
marked resonances are: N-acetylaspartate, creatine, choline, myo-inositol and GABA. (c)
The region-of-interest (red circle) used for B1

+ shimming for the hypothalamus VOI (white
square) is shown on a transverse T1-weighted image together with maps of the fraction of
available B1

+ before and after B1
+ shimming.
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Figure 3.
Mean hypothalamic and occipital cortex GABA concentrations and plasma glucose levels
during euglycemia (white bars) and hypoglycemia (black bars). Glucose and GABA levels
obtained during the last 10 minute block of euglycemia and during the first 10 minute block
after the participant’s glucose fell below 70 mg/dL are shown. Error bars are SD.
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Figure 4.
LCModel fitting of spectra acquired during euglycemia and hypoglycemia in one volunteer.
Note the reproducibility in the fitting, spline baselines and residuals under the two
conditions. Also shown are the GABA contributions LCModel attributed to the two spectra
(shown with a scale 3 times that of the in vivo spectrum).
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Table 1

Metabolite concentrations (mean ± SD) determined by LCModel fitting of spectra from the hypothalamus
under the euglycemic and hypoglycemic conditions.

Concentration (µmol/g)

Euglycemia Hypoglycemia P

GABA 3.5±0.3 3.0±0.4 0.06

Gln 3.2±0.8 3.1±0.5 0.7

Glu 8.7±0.9 8.1±1.3 0.24

GSH 2.0±1.0 1.9±-0.6 0.75

Myo-Ins 14.3±2.1 13.2±3.0 0.03*

scyllo-Ins 0.8±0.4 0.7±0.3 0.33

tNAA 12.4±1.8 12.2±1.6 0.48

tCho 4.0±0.4 3.8±0.7 0.17

tCr 11.2±0.9 10.5±1.4 0.08

Glc+Tau 4.0±1.1 3.3±1.0 0.002*

Metabolites that were significantly different between the euglycemic and hypoglycemic conditions are marked with *P <0.05 (two-sided paired t-
test)
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Table 2

Peak plasma counterregulatory hormone levels during euglycemia and hypoglycemia in subjects undergoing
hypothalamus and/or occipital cortex studies (data are from 11 independent experiments, 6 from hypothalamus
and 5 from occipital cortex, on 9 subjects).

Euglycemia Hypoglycemia P

Epinephrine (pg/mL) 21±10 489±196 <0.01

Norepinephrine (pg/mL) 326±154 466±199 <0.01

Glucagon (pg/mL) 67±11 128±35 <0.01

Cortisol (µg/dL) 25±10 31±10 0.01

Growth hormone (ng/mL) 6±6 16±12 0.01
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