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Study Objectives: Primary insomnia (PI) is a sleep disorder characterized by difficulty with sleep initiation, maintenance, and/or the experience
of nonrestorative sleep combined with a subsequent impairment of daytime functioning. The hyperarousal hypothesis has emerged as the leading
candidate to explain insomnia symptoms in the absence of specific mental, physical, or substance-related causes. We hypothesized that the cel-
lular energetic metabolites, including beta nucleoside triphosphate, which in magnetic resonance spectroscopy approximates adenosine triphos-
phate (ATP), and phosphocreatine (PCr), would show changes in Pl reflecting increased energy demand.

Design and Setting: Matched-groups, cross-sectional study performed at two university-based hospitals.

Patients: Sixteen medication-free individuals (eight males, eight females; mean + standard deviation (SD) age = 37.2 £ 8.4 y) with Pl and 16 good
sleepers (nine males, seven females; mean + SD age = 37.6 4.7 y).

Measurements: Diagnosis was established for all individuals by unstructured clinical interview, Structured Clinical Interview for Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (SCID), sleep diary, and actigraphy. Polysomnography was collected in individuals with PI.
Phosphorous magnetic resonance spectroscopy (31P MRS) data were collected on all individuals at 4 Tesla. We assessed cell membrane (ana-
bolic precursors and catabolic metabolites) and bioenergetic (ATP, phosphocreatine) metabolites in gray matter and white matter to determine their
relationship to the presence and severity of PI.

Results: Individuals with Pl showed lower phosphocreatine in gray matter and an unexpected decrease of phosphocholine, a precursor of the cell
membrane compound phosphatidylcholine, in white matter. In addition, there was a trend toward a negative association between polysomnographically
determined wake after sleep onset and gray matter beta-nucleoside triphosphate and white matter phosphocholine in the primary insomnia group.
Conclusions: These results support the hyperarousal hypothesis in Pl based on lower phosphocreatine in gray matter in the Pl group.
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INTRODUCTION

Insomnia is characterized by difficulty with sleep initiation,
maintenance, and/or the experience of nonrestorative sleep
combined with a subsequent impairment of daytime function-
ing. Insomnia is a significant public health problem associated
with functional impairment and a decreased quality of life, as
well as increased disability and health care utilization.' Insom-
nia may be divided into primary and comorbid forms, with
comorbid insomnia constituting most instances of chronic in-
somnia, with symptoms related to concomitant medical, psychi-
atric, and/or pharmacologic considerations. Primary insomnia
(PI) is defined by insomnia symptoms unrelated to any other
medical or psychiatric disorder or to a substance or medication,
accounts for approximately 25% of chronic insomnia, and has
a prevalence between 2% and 4% in the general population.?
The etiology of PI is unclear given the limited knowledge of
pathophysiologic mechanisms and uncertainty about whether
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PI represents one homogeneous disorder or a single symptom-
atic entity with heterogeneous mechanisms.

The most prominent proposition regarding the etiology of
insomnia is the hyperarousal hypothesis. This model posits a
combination of neurobiologic and behavioral processes that
lead to a state of conditioned autonomic arousal and percep-
tion of sleeplessness.>* Several lines of evidence, including
increased high frequency (beta/gamma) activity during sleep
electroencephalogram, elevated whole body metabolic rate, and
alterations in endocrine and immunologic factors, support the
hyperarousal model of insomnia.*

Neuroimaging evidence for hyperarousal in PI includes
data from "*fluorodeoxyglucose positron emission tomography
("8FDG PET) and proton magnetic resonance spectroscopy (1H
MRS) studies. Glucose metabolism is increased in PI across
the whole brain during wakefulness and sleep, with smaller
decreases between wake and sleep in brain regions associated
with arousal (ascending reticular formation and hypothalamus),
emotion regulation (hippocampus, amygdala, and anterior cin-
gulate cortex), and cognition (median prefrontal cortex),’ and
increased wake after sleep onset (WASO) in individuals with
insomnia with higher glucose metabolism.® A 1H MRS study,
using the same study participants as the current study, revealed
that the global level of the primary inhibitory neurotransmit-
ter gamma-aminobutyric acid was decreased in patients with PI
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Table 1—Demographic and questionnaire information from patients with
primary insomnia and normal healthy sleepers®

Primary insomnia Healthy sleepers

Age 372+84y 376+47y
Sex 8M: 8F 9M: 7F

BMI 242+29kg/m? 255+ 4.2 kgim?
PSQI (Global) 120+2.6 20+£1.2

PSQI (Sleep latency) 57.8 +29.4 min 12.4 +8.3 min
PSQI (Total sleep time) 45+1.1h 73£0.7h

BDI 57+438 N/A

3Data from 15 patients with primary insomnia were included in the PSQI
Global and Sleep Latency items. Data from 14 healthy sleepers were
included in the PSQI items and 13 patients had BMI data. BDI data were
not collected from healthy sleepers. BDI, Beck Depression Inventory;
BMI, body mass index; F, female; M, male; N/A, not applicable; PSQI,
Pittsburgh Sleep Quality Index.

compared with control patients, and was inversely correlated
with WASO, suggesting an imbalance of inhibitory and excit-
atory neurotransmitters was associated with heightened arousal
in these patients.’

Phosphorus-31 magnetic resonance spectroscopy (31P-
MRS) has the ability to quantify some of the important energet-
ic compounds in the brain, including nucleoside-triphosphate
compounds (adenosine triphosphate (ATP), guanosine triphos-
phate), phosphocreatine (PCr; an important high-energy phos-
phate buffer of ATP), and inorganic phosphate (Pi: a metabolite
of ATP) yielding an impression of energetic activity. In addition,
precursors (phosphocholine [PCho] and phosphoethanolamine
[PEtn]) and metabolites (glycerophosphocholine [GPCho] and
glycerophosphoethanolamine [GPEtn]) of the two most preva-
lent membrane phospholipids (phosphatidylcholine and phos-
phatidylethanolamine) can be quantified, yielding an overall
impression of cell membrane health. 31P MRS has been used
to provide cellular energetic and phospholipid information in
studies of depression,*® Huntington disease,'® Alzheimer dis-
ease,'' bipolar disorder,'? and schizophrenia.'

Here we report the first phosphorous (31P) MRS study in PI,
which examines the cellular energetic and membrane metabo-
lites in the brains of individuals with PI compared with those of
normal control individuals. Based on the hyperarousal hypoth-
esis of insomnia we hypothesized that the cellular energetic me-
tabolite, beta nucleoside triphosphate (bNTP), which in MRS
approximates ATP, and PCr, would show changes in PI reflect-
ing increased energy demand (lowered PCr and bNTP in gray
matter where energy utilization and demand are highest) and
that these changes would be associated with increased WASO.
In addition, we hypothesized that changes in cell membrane
metabolites, reflecting increased membrane turnover, would be
present in PI and that these changes would be associated with
increased WASO.

METHODS AND MATERIALS

Study Participants
Study participant recruitment, inclusion, and exclusion cri-
teria are detailed previously as '"H MRS results from this co-
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Table 2—Aggregate polysomnography data from patients with primary
insomnia (n = 15)

PSG sleep screening

Total sleep time 354.4 £ 58.7 min
Sleep efficiency T47+£124 %
Sleep latency (Stage 1) 32.2 £66.2 min
Sleep latency (Stage 2) 41.4+70.1 min
Wake after sleep onset 81.0 £44.0 min
Respiratory disturbance index 33140
Periodic limb movements index 26+6.9

hort have been previously reported.” Sixteen patients with PI
(eight males, eight females; mean + standard deviation [SD]
age =37.2 £ 8.4 y) were recruited via advertisements for a larg-
er study of glucose metabolism and neuroimaging in insom-
nia at Brigham and Women’s Hospital and McLean Hospital
from January 2007 to May 2008. Sixteen control patients (nine
males, seven females; mean + SD age = 37.6 + 4.7 y) without
sleep complaints were also recruited via advertising (Table 1).

All patients were assessed using an unstructured clinical in-
terview for history of medical and sleep disorders, Structured
Clinical Interview for Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (SCID), physical examina-
tion, laboratory assessment, and routine scales to assess mood
and sleep as described elsewhere.” Additionally, sleep diaries
collected over 2 to 4 wk and supplemented by wrist actigra-
phy were used to verify sleep-wake patterns. Patients with PI
met Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV) criteria for the disorder and addition-
ally met specific severity criteria: duration > 6 mo, total sleep
time < 6.5 h and either sleep onset latency (SOL) > 45 min or
WASO > 45 min or SOL + WASO > 60 min.

Exclusion criteria for all patients were: current or recent
(within the preceding year) diagnosis of a DSM-IV Axis I dis-
order (including alcohol or drug dependence/abuse) other than
PI; symptoms, diagnosis, or history of any sleep disorder other
than PI; body mass index > 32 or < 19.8; regular treatment with
central nervous system active agents within 3 mo of the first
visit; current nicotine use (> 10 cigarettes per day), consump-
tion of more than two caffeinated beverages per day, or more
than two standard alcoholic drinks per day for a period > 1 mo
in the preceding year; and history of swing shift, night shift, or
rotating shift-work within the preceding year.

Patients with PI who met initial screening criteria underwent
routine attended in-laboratory polysomnography (PSG) within
2 wk of MRS acquisition (Table 2). A cutoff of 15 apnea + hy-
popneas or 20 periodic limb movements per hour of sleep led
to exclusion from the study. Additionally, evidence of paradoxi-
cal insomnia (sleep efficiency greater than 90% and subjective
report of sleep similar to usual) was exclusionary. One patient
with PI did not have a PSG for analysis.

This study was approved by the Institutional Review Boards
of Partners Healthcare, the parent organization of Brigham and
Women’s Hospital, and McLean Hospital. Informed consent
was obtained from all patients prior to the performance of any
experimental procedures. All patients were compensated for
their participation in this study.

Energetic and Cell Membrane Metabolic Products—Harper et al



4 T Magnetic Resonance Imaging/Magnetic
Resonance Spectroscopy

A set of Tl-weighted magnetization-prepared
Fast, Low-Angle Shot, three-dimensional (mp-
FLASH3D) images were acquired in sagittal to
expose the relevant anatomy used to guide the slab
placement (echo time/repetition time (TE/TR) =
6.2/11.4 ms, field-of-view (FOV) = 24 cm X 24
cm, readout-duration = 4 ms, receive bandwidth
=+ 32 kHz, in-plane matrix size = 128 x 256, in-
plane resolution = 0.94 x 0.94 mm, readout points
= 512, axial-plane matrix size = 16, axial-plane A)
resolution = 2.5 mm sagittal, scan time = 1 min,
15 sec). Once complete, an axial set of 32 images
using the same mpFLASH3D sequence acquired
a set of T1-weighted axial images of high resolu-
tion. (TE/TR = 6.2/11.4 ms, FOV =24 cm x 24
cm, readout-duration = 4 ms, receiver bandwidth
=+ 32 kHz, in-plane matrix size = 256 x 256, in-
plane resolution = 0.94 x 0.94 mm, readout points
= 512, axial-plane matrix size = 32, axial-plane
resolution = 2.5 mm sagittal, scan time = 2 min,
30 sec).

The 31P-chemical shift imaging (CSI) acquisi-
tion consisted of a two-dimensional CSI (2D-CSI)
sequence that used weighted k-space sampling for
optimal sensitivity and optimal time-efficiency.'*'s
The parameters of this 31P-CSI acquisition were:
TR = 3 sec; tip angle = 90 degrees; Rx bandwidth

PME
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=+ 2 kHz; complex points = 1,024; readout dura-
tion = 256 ms; prepulses = 5; preacquisition delay
= 1.75 ms; FOV = 24 x 24 c¢cm; nominal volume
= 27 cc (approximately 55 cc effective volume);
sampled matrix = 8 x 8. Voxels were isotropic in

Figure 1—Sagittal and axial T1-weighted images depicting 3-cm-thick CSI slab placement
and positioning of the 4 x 4 submatrix voxel-grid. A representative in vivo human brain
spectrum acquired with this protocol is shown with the residual (A), original data (B) and
the fitted model (C). ATP, adenosine triphosphate; DPG, diphosphoglycerides; GPCho,
glycerophosphocholine; GPEtn, glycerophosphoethanolamine; MP, membrane phospholipid;
PCho, phosphocholine; PEtn, phosphoethanolamine; Pi, inorganic phosphate.

two dimensions (axial: anterior-posterior and left-

right) with the full width half maximum of the
two-dimensional point-spread function, including
the effects of filtering, being approximately 5.8 cm in diameter.
Because we used a 2D-CSI approach, the slice-selective (S-1))
voxel profile is a 3-cm rectangular slab-profile. The duration of
the 31P-CSI scan was 23 min (Figure 1).

Data Processing/Analysis

The 31P-CSI data were first read into a zero-padded 8 x 8
matrix and corrected by a set of scalar correction factors that
correct each k-space sample for the discrepancy of defining an
optimal, theoretical k-space filter with an integer number of av-
erages for each phase-encode step. The corrected 31P-CSI data
were then Fourier-transformed to spatially resolve each voxel
throughout the brain. Each spatially-resolved spectrum was
stored as a time-domain free-induction decay for each voxel.

Spectral Fitting

All 31P-CSI spectra were fitted with a nonlinear, iterative
routine developed onsite, based on the Marquardt-Levenberg
algorithim for nonlinear, least-squares fitting of complex wave-
forms." The routine incorporates the use of prior spectral
knowledge such as J-coupling constants, chemical shifts, and
linewidths and applies preoptimized constraints to converge on
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an optimal fit. With this methodology, we are able to determine
peak areas in an automated fashion, thus eliminating any user
interactive bias.' The template that we used for 31P fitting at
4 T models each metabolite as a series of lorentzian and gauss-
ian lineshapes. In our template we have modeled PCr, nucleo-
side triphosphate, diphosphoglycerides (DPG), and inorganic
phosphate (Pi) as lorenztians and PEtn, PCho, phosphoserine
(PSer), GPEtn, GPCho, and membrane phospholipid (MP) as
gaussians.

Tissue Segmentation and Image Postprocessing

Brain images were segmented into different classes, white
matter, gray matter, and cerebrospinal fluid, using FMRIB’s
Automated Segmentation Tool (FAST).'® Results were used to
determine the contributions of tissue type (gray or white mat-
ter) and cerebrospinal fluid in each MRS voxel. In this process,
we convolved the mathematically-modeled, three-dimensional
point-spread function (3D-PSF) from the sparse k-space sam-
pling scheme, digitally sampled in a 256 x 256 x 64 matrix,
with the co-registered binary images to obtain pixel counts of
the contribution of each tissue type to each voxel based on the
3D-PSF weighted distribution.'
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Table 3—Model goodness-of-fit measures and results from comparison of total tissue (50% gray matter, 50% white matter)?

studied. Cl, confidence interval; df, degrees of freedom; NS, not significant.

Metabolite * 100 Model Controls Insomnia Comparison
Energy compounds R? P< (Mean *95% ClI) (Mean * 95% ClI) df t P
b-nucleoside triphosphate 0.805  0.0001 1.994 £0.216 2.038 +0.288 231.1 -0.30 NS
Phosphocreatine 0.812  0.0001 2.260 + 0.203 2.188 £ 0.275 228.2 0.48 NS
Phosphomonoesters R? P< (Mean  95% Cl) (Mean x 95% Cl) df t P
Phosphoethanolamine 0.817  0.0001 0.773+0.080 0.707 £ 0.113 280.6 1.21 NS
Phosphocholine 0.609  0.0001 0.407 + 0.069 0.305+0.098 2416 212 NS
Phosphodiesters R? P< (Mean * 95% CI) (Mean * 95% Cl) df t P
Glycero-phosphocholine 0.738  0.0001 0.622 £ 0.101 0.646 £ 0.139 236.9 -0.35 NS
Glycero-phosphoethanolamine 0.672  0.0001 0.428 £ 0.082 0.427 £0.116 279.3 0.02 NS

aSix metabolites were tested in this study. A mixed effects model was fit for each metabolite as described in the statistics section. The table shows least
squares means of the total tissue (50% gray matter and 50% white matter) measurements for primary insomnia and controls and significance tests of the
differences between them based on our modeling assumptions. There were no significant effects of primary insomnia in total tissue for any of the metabolites

Statistics

The two demographic variables considered in this study
were tested for significant differences between the control and
PI groups by f-test (age) or y* statistic (sex). Linear mixed-ef-
fects models were constructed for each of the 31P metabolites
measured in this study.'”'* A minimal model identified peaks
that were questionable due to contamination by muscle or other
artifact. Voxels were rejected if the studentized residual from
the minimal model for each voxel was >3 or <-3.

The full model used for data analysis included a random ef-
fect of subject and a fixed effect of total phosphorous signal-
metabolite of interest, as in the minimal model, with additional
fixed effects of diagnosis, partial volume (gray matter + white
matter) and tissue type (gray matter — white matter)."”?' Inter-
action terms were added for partial volume by diagnosis and
tissue type by diagnosis because we hypothesized metabolite
differences between tissue types (gray matter and white matter)
in patients with insomnia and normal control patients. Age and
sex were added to the model as covariates if they were predic-
tors of metabolite levels at the alpha = 0.05 significance level.

Our measures of interest included metabolite differences in
total tissue between patients with insomnia and control patients,
which we defined as the mean difference in the metabolite of
interest in a voxel composed of equal amounts of gray matter
and white matter, and metabolite differences in gray matter and
white matter between patients with insomnia and control pa-
tients. For each metabolite, we tested for a difference in mean
level between patients with PI and control patients (a main ef-
fect of PI) and a difference in association with PI between gray
matter and white matter (a tissue type by PI interaction). To
aid in interpretation, we further estimated mean metabolite con-
centrations in the gray matter component and the white matter
component of voxels of mixed composition from the model.'®

Bonferroni corrections were applied separately for phospho-
lipid metabolites (PCho, PEtn, GPCho), and GPEtn) and en-
ergetic metabolites (bNTP, PCr). Phospholipid P values were
multiplied by four to account for our choice of four outcomes
in the phospholipid category, whereas bNTP and PCr P values
were multiplied by two to account for two outcomes in the ener-
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getic category. A resulting corrected P value less than 0.05 was
required for significance. Trends toward statistical significance
were noted for a corrected P value less than 0.10. All metabolite
levels are reported as least squares mean + corrected 95% confi-
dence interval. Linear mixed effects models were fitted with the
restricted maximum likelihood method implemented by JMP
release 7 (SAS Institute, Cary, NC).

Additional linear mixed effects models were constructed
within the PI group to test the hypothesis that metabolite con-
centration varied as a function of WASO as determined by PSG.
Models were constructed as previously discussed with the ex-
ception that the fixed effect of WASO within the PI group was
substituted for the fixed effect of PI. Multiple comparison cor-
rections were applied as noted previously.

RESULTS

Control patients and patients with PI were not significant-
ly different in age (t,; = 0.18; P = 0.86) or sex (y,> = 0.126;
P=10.72). We observed significant fits for our statistical models
for all of the metabolites examined in this study (Table 3). Age
and sex were both found to be significant predictors of PCho,
whereas sex alone was found to be a significant predictor of
GPCho (P < 0.05). Age and sex were not found to be signifi-
cant predictors of any of the other metabolites examined in this
study (P > 0.20).

None of the metabolites examined in this study showed
a significant difference between normal control patients
and patients with PI in partial volume corrected total tissue
(Table 3). However, when we assessed energy metabolism
and membrane precursors (PCho; PEtn) and metabolites (GP-
Cho; GPEtn) separately in gray and white matter, significant
differences emerged in these two tissue compartments. PCr
showed a significant difference in its association with PI be-
tween gray matter and white matter (tissue type by diagnosis
interaction: t,,, = 3.46; P = 0.0006). Examination of the least
squares means of gray matter voxels revealed, in accordance
with our hypothesis, a mean reduction of gray matter PCr
in PI (Figure 2) equal to 29% of the control mean. We also
saw an unexpected mean elevation of white matter PCr in pa-
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Figure 2—Model derived least squares means of phosphocreatine (PCr)
area under the curve (error bars represent 95% confidence interval
adjusted for multiple comparisons) extracted from theoretical voxels
composed of 100% gray matter and 100% white matter. PCr showed a
significant difference in association with insomnia between gray matter
and white matter, in accordance with our hypothesis, when compared with
change in white matter in patients with primary insomnia versus control
patients (t,s, = 3.46; P = 0.0006). Post hoc analysis revealed significantly
lower PCr in patients with primary insomnia compared with control patients
in gray matter (t,5, = 2.35; P = 0.04) and significantly higher PCr in patients
with primary insomnia when compared with control patients in white matter
(tyer = -3.72; P = 0.0005). The dashed line in blue is the total tissue effect
in the model, and is depicted for comparison purposes.

tients with PI equal to 26% of the control mean (t,5; = -3.72;
P < 0.001). There was no observed difference in the associa-
tion with PI between gray matter and white matter for bNTP
(tys = 1.23; not significant).

Cell membrane precursors and metabolites also showed
significant differences in the association with PI between gray
matter and white matter. PCho tissue type analysis revealed a
difference (tissue type by diagnosis interaction: t,; = -2.58;
P = 0.04) largely accounted for by a reduction in white matter
PCho in the PI group. The mean white matter PCho in the PI
group was reduced by 65% of the control mean, whereas mean
gray matter PCho was 20% higher in the PI group compared
with the control mean, a difference that did not reach statistical
significance (Figure 3). PEtn showed no significant differences
between the participant groups (t,4, = 1.20; not significant) in a
tissue type by diagnosis interaction.

GPCho showed a statistical trend toward differential altera-
tion in gray matter versus white matter between patients with
PI and control patients (tissue type by diagnosis interaction:
ty = -2.32; P = 0.08). This difference was largely accounted
for by a mean reduction in white matter GPCho in the PI group
equivalent to 23% of the normal control mean (Figure 4).
GPEtn did not show any significant differences in the asso-
ciation with insomnia between gray matter and white matter
(tys70 = -1.54; not significant).

In patients with PI, WASO was not associated with PCr levels
either as a main effect or when compared between tissue types.
However, WASO showed a trend toward an association with
bNTP, especially in gray matter where increased WASO was
associated with decreased bNTP (t,;s = -2.09; P = 0.07). Sex-
adjusted WASO was also significantly associated with PCho
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Figure 3—Model-derived least squares means of phosphocholine
(PCho) area under the curve adjusted for age and sex (error bars
represent 95% confidence intervals adjusted for multiple comparisons)
extracted from theoretical voxels composed of 100% gray matter and
100% white matter. Analysis of the PCho total tissue reduction in patients
with primary insomnia revealed a significant difference in association with
primary insomnia between gray matter and white matter (t,s; = -2.58;
P = 0.04). Post hoc testing indicates that the observed reduction in PCho
is occurring primarily in white matter (t,;; = 5.66; P < 0.0001) as opposed
to gray matter (t,; = -0.59; not significant). The dashed blue line is the
total tissue main effect of the model (Table 1), which is depicted for
comparison purposes.
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Figure 4—Model-derived least squares means of glycerophosphocholine
(GPCho) area under the curve adjusted for sex (error bars represent 95%
confidence interval adjusted for multiple comparisons) extracted from
theoretical voxels composed of 100% gray matter and 100% white matter.
GPCho showed a statistical trend toward a different association with
insomnia between gray matter and white matter (t,,, = -2.32; P = 0.08).
Patients with insomnia had lower GPCho in white matter and higher
GPCho in gray matter, though only the white matter change was significant
in post hoc testing (4,5, = 2.83; P = 0.02, white matter: t,,, = -1.65; not
significant, gray matter). The dashed blue line is the total tissue main effect
of the model (Table 1), which is depicted for comparison purposes.

reduction in total tissue (t,3, =-2.72; P =0.014). This reduction
was significantly more prominent in white matter (t,,, = -3.94;
P < 0.001) than in gray matter (t,;; = -0.82; not significant).
Sex- and age-adjusted WASO did not significantly associate
with GPCho either in total tissue (t,, = 0.92; not significant) or
differentially based on tissue type (t,4s = 0.30; not significant).
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DISCUSSION

This study provides evidence of abnormalities in both bioen-
ergetics and membrane dynamics in patients with PI compared
with healthy-sleeping control patients. Our finding of reduced
PCr in gray matter suggests that there is greater energy de-
mand in PI. The decrease of PCho and GPCho in white matter
in PI suggests that membrane homeostasis in PI could also be
affected. Further supporting the validity of these two findings
is the trend for an association between both reduced bNTP in
gray matter and white matter PCho with greater WASO in the
PI group, suggesting a severity-dependent effect of PI on these
metabolites.

The interpretation of these differences in relative concentra-
tions of metabolites between PI and healthy sleepers requires an
understanding of the features of ATP production and regulation
as well as cell membrane synthesis and degradation in the brain.
In the brain, most ATP is generated in the mitochondria via oxi-
dative phosphorylation, with a much smaller amount generated
by glycolysis.?> The brain has evolved an intricate system to
keep energy supplies, in the form of ATP and other nucleoside
triphosphates, constant under different energy requirements or
loads, especially at sites distal from the mitochondria. The most
important of these mechanisms is the creatine kinase equilib-
rium, which transfers the high-energy phosphate of PCr to ad-
enosine diphosphate (ADP), yielding ATP. Therefore PCr acts
as a high energy phosphate reservoir for ATP and the equilib-
rium of this reaction is such that, under increasing load, PCr
is depleted to a greater extent than ATP.2*** PCr also shuttles
high-energy phosphate from the mitochondria to ADP in the
cytosol, suggesting that the main mode of energy distribution
from mitochondria in the cell is through PCr.*

Reduced gray matter PCr, as observed in this study, can be
interpreted to indicate an increased use or demand for cellular
energy, consistent with the hyperarousal model of insomnia.
Similar decrements in PCr have been observed in experiments
using evoked seizures where the PCr level decreases in re-
sponse to increased demand on ATP.** This interpretation is
further bolstered by the trend toward a reduction in the bNTP
resonance, as a function of increased WASO in the gray matter
of patients with PI. Notably, we also found a significant increase
(26%) in PCr in white matter in patients with PI compared with
that in control patients. From experiments on glucose uptake,
white matter is known to have a much lower energy demand
than gray matter.”® Therefore, the increase in PCr in white mat-
ter may represent an adaptation to increased energy demand in
gray matter.

However, reduced gray matter PCr could also be the result
of impaired oxidative phosphorylation due to mitochondrial
dysfunction, a change in creatine kinase equilibrium dynamics
or the effect of some third, unspecified effector that is prevent-
ing the formation of PCr. These explanations would suggest
that neurodegenerative phenomena are occurring in PI, and
that idea is supported by the observation that gray matter is re-
duced in patients with chronic insomnia.?” However, these are
less likely explanations for several reasons. Under fully aerobic
conditions, there is a direct relationship between energy con-
sumption in the brain, measured by glucose or oxygen utiliza-
tion and ATP production through oxidative phosphorylation.*
Given that patients with PI have severity-dependent increases
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in cerebral glucose metabolism,® this finding would suggest that
oxidative phosphorylation does not decrease in PI as it would
if mitochondrial dysfunction were the cause of the gray mat-
ter PCr deficit. Further, a change in creatine kinase dynamics
would likely produce a decrease in gray matter ATP without
necessarily producing a decrease in PCr, as replenishment of
high-energy phosphates in nucleotide compounds would be im-
paired. Therefore, the most likely explanation for the reduction
in gray matter PCr observed in this study is a change in load
or energy demand. This increased demand due to hyperarousal
would also be consistent with both a rise in cerebral glucose
metabolism and a reduction in gamma-aminobutyric acid as a
function of PI disease severity.*’

Reduction in energetic capacity, either evidenced by reduced
PCr or reduced bNTP, has also been observed in both unipo-
lar'82%2 and bipolar®*?! depression. Insomnia is both a risk fac-
tor for incident depression®3* and is a common symptom of
major depressive disorder (MDD).** Given the decreased PCr
and bNTP in both MDD and PI, this phenotypic similarity
might imply a common underlying pathophysiology in the two
disorders. However, results of glucose utilization studies using
positron emission tomography also indicate that the production
of usable energy, in the form of high-energy phosphates from
mitochondrial oxidative phosphorylation, is lowered in MDD
in many brain areas, but elevated in PI throughout the day,>¢-36-3
indicating that the mechanisms of bioenergetic pathology in
these two disorders are distinct.

Our hypothesis that cell membrane turnover would be in-
creased in the insomnia group was not supported, and indeed
the evidence strongly suggests the opposite, that cell membrane
turnover, particularly that of phosphatidylcholine, is dramati-
cally reduced. Membranes are maintained in a homeostatic
equilibrium between synthesis and degradation by the action of
a calcium independent phospholipase A2 (iPLA2).*** Increas-
ing membrane precursor availability, either by adding exog-
enous precursor or by increasing the efficiency of the cytidine
diphosphate: phosphocholine citydyltransferase has been noted
to increase the quantity of GPCho or GPEtn in cell culture® and
healthy tissue.**+

PCho was lower in the white matter of the PI group than
in the control group, where PCho was reduced by 65% of the
normal control means. The magnitude of the difference, while
quite large, is within range of that seen in a study of chronic
schizophrenia.”® Although one interpretation of this finding
by itself would be that PCho is depleted due to high turnover,
we also found that GPCho was reduced in white matter, dem-
onstrating that both the anabolic precursor and catabolic me-
tabolite of phosphatidylcholine was reduced in PI and that this
apparent slowing of turnover occurs in an intensity-dependent
fashion (i.e., is correlated with WASO).

These results need to be interpreted carefully in light of sever-
al important technical and statistical limitations of the study de-
sign, which could affect the generalizability of the results. First,
the use of 2D- CSI is not an optimal method for voxel tissue
sampling due to the chemical-shift displacement artifact inher-
ent in frequency-selective techniques. The 31P-MRS spectrum
is broad, approximately 23 ppm from PEtn to b-NTP. At 4 T, this
equates to approximately 1,600 Hz, which introduces a consid-
erable spatial displacement of the 3-cm-thick excited slab be-
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tween metabolites, with this displacement increasing the further
off-resonance each metabolite is from PCr. A quantitative analy-
sis of the effect of this artifact revealed a margin of error in our
gray matter and white matter tissue fractions of approximately
13% and 3% for beta-nucleoside triphosphate (bNTP) and PEtn
respectively, with bBNTP and PEtn representing the most off-res-
onance metabolites on either side of PCr. Our regression models
did not account for this source of measurement error.

Our 2D-CSI slab placement also determined our sampling re-
gion. Areas within the sampling region included portions of the
thalamus, globus-pallidus, putamen, caudate, temporal cortex,
posterior cingulate, and parietal cortex. However, the sampling
region did not include areas often assessed in single-voxel MRS,
including anterior cingulate, occipital, and frontal cortices and
the hippocampus. In future work, three-dimensional (3D)-CSI
should be used to broaden the sampling region and negate any
displacement artifact, because off-resonance effects are negli-
gible with the phase-encoding method used in 3D-CSL.'

Another important limitation involves the nature of sampling
of gray and white matter used in this study. Due to the place-
ment of our sampling grid, which is biased toward the center
of the brain and based on the results of our tissue segmenta-
tion, we oversample white matter and undersample gray matter
such that our mean voxel, after removal of cerebrospinal fluid,
is composed of 37.5% gray matter. Our choice of a total tissue
voxel containing equal amounts of gray matter and white matter
(i.e., 50% gray matter) therefore reflects a compromise between
the gray matter and white matter content of an average brain
and our sampling results.

As a result of oversampling white matter in this study, we
were able to estimate white matter changes with greater preci-
sion than gray matter changes. Therefore, differences in statis-
tical significance between tissue types should not be equated
with differences in the magnitude of change within the differ-
ent tissue compartments. It is also important to note that our
theoretical voxels of “pure gray” and “pure white” matter are
mathematical extensions of the tissue type regression and do
not represent real voxels observed in the dataset. Therefore,
these theoretical voxels are meant to quantify relative contri-
butions of tissue types in brain regions composed of both gray
matter and white matter.

It is unclear if the changes we are seeing in this study are in-
herent to PI per se, or instead generalize to the effects of chron-
ic sleep restriction. Studies using sleep deprivation in normal
patients and making use of different diagnostic subgroups of
patients with insomnia could assist in the interpretation of find-
ings from this study. Nevertheless, these findings of reduced
PCr lend further support to growing evidence of bioenergetic,
neurochemical, neurophysiologic, endocrine, and cognitive hy-
perarousal in PI.
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SUPPLEMENTAL MATERIAL

A. Biochemical Nomenclature B. Spectroscopic Nomenclature
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Figure S1—A point of confusion can arise between the biochemical and the spectroscopic nomenclature for adenosine triphosphate (ATP). (A) ATP is
composed of an adenosine molecule, R and three high-energy phosphate groups referred to as a, f, and y according to the distance from adenosine.
Adenosine diphosphate (ADP) possesses two high-energy phosphates referred to as a and B. Therefore, in this construct, the phosphate group unique to ATP
is the y group. (B) Spectroscopic nomenclature of high-energy phosphates differs from the biochemical description of ATP because of two important properties
of spectroscopic imaging. The first is that quantification of triphosphate molecules with purine or pyrimidine (R) molecules other than adenosine (cytidine,
guanosine, uridine) occur; therefore the triphosphate resonances are referred to as deriving from nucleoside triphosphate (NTP). Second, in 31P spectroscopy,
chemical shift of each phosphate is determined by the different groups around each individual phosphate with the a phosphate (green) being bound by an R
group and a phosphate group, the y phosphate (blue) being bound by a phosphate group and a hydroxyl group, and the § phosphate (red) being bounded by 2
phosphate groups. Nucleoside diphosphate (NDP) possesses two phosphate groups. The first (green) is similar to the a phosphate in NTP being bound by an
R group and a phosphate group. The second (blue) is similar to y in NTP being bound by a phosphate group and a hydroxyl group. The chemical shift of the
phosphate therefore is unique to NTP and the resonance is quantified as representative of the level of NTP without contamination from NDP.
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