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SUMMARY
Insomnia afflicts many individuals, but particularly those in chronic methadone treatment. Studies
examining sleep deprivation (SD) have begun to identify sleep restoration processes involving brain
bioenergetics. The technique [31]P magnetic resonance spectroscopy (MRS) can measure brain
changes in the high-energy phosphates: alpha-, beta-, and gamma-nucleoside triphosphate (NTP). In
the present study, 21 methadone-maintained (MM) and 16 control participants underwent baseline
(BL), SD (40 wakeful hrs), recovery1 (RE1), and recovery2 (RE2) study nights. Polysomnographic
sleep was recorded each night and [31]P MRS brain scanning conducted each morning using a 4T
MR scanner (dual-tuned proton/phosphorus headcoil). Interestingly, increases in total sleep time
(TST) and sleep efficiency index (SEI) commonly associated with RE sleep were not apparent in
MM participants. Analysis of methadone treatment duration revealed that the lack of RE sleep
increases in TST and SEI were primarily exhibited by short-term MM participants (methadone<12
months), while RE sleep in long-term MM (methadone>12 months) participants was more
comparable to control participants. Slow wave sleep increased during RE1, but there was no
difference between MM and control participants. Spectral power analysis revealed that compared to
control participants; MM participants had greater delta, theta, and alpha spectral power during BL
and RE sleep. [31]P MRS revealed that elevations in brain beta-NTP (a direct measure of ATP)
following RE sleep were greater in MM compared to control participants. Results suggest that
differences in sleep and brain chemistry during RE in MM participants may be reflective of a
disruption in homeostatic sleep function.
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1. INTRODUCTION
Due to public health concern surrounding widespread opioid abuse, a strong focus on treatment
and rehabilitation has been established. The development of pharmacological therapies to
address withdrawal and relapse in those seeking treatment has proven to be of great importance
(Connell, 1967; Senay, 1985; Leukefeld and Tims, 1990; Ling and Wesson, 1990; Weddington,
1990; Zweben and Payte, 1990). Methadone-maintenance is widely used and a standard
pharmacotherapy for treating opioid-dependent persons as it results in cross-tolerance that
attenuates the effects of illicitly administered opioids (Zaks et al., 1971; Volavka et al., 1978;
Doverty et al., 2001; Eugenio, 2004; Athanasos et al., 2006). Data suggests that compared to
untreated opioid-dependent persons, methadone-maintained (MM) patients have higher
nutritional status, fewer emergency room visits, and a reduction in violent crimes (Szpanowska-
Wohn et al., 2004; Gossop et al., 2005; Friedmann et al., 2006). Elucidating the effects of
methadone early in treatment and through the duration of therapy may be useful in extracting
factors leading to failed treatment and relapse. One notable example is that insomnia
particularly afflicts methadone patients who regularly self-report difficulties initiating and/or
maintaining sleep and poor sleep quality (Oyefeso et al., 1997; Stein et al., 2004; Peles et al.,
2006).

Clinical studies have noted that the chronic use of opiates including methadone results in
marked disruptions in sleep (Gossop and Bradley, 1984; Oyefeso et al., 1997; Stein et al.,
2004). It has been shown that a single administration of an opioid drug can alter normal sleep
architecture in healthy adults (Dimsdale et al., 2007). Research examining the effects of opioid
medications on sleep architecture has demonstrated some common nocturnal abnormalities
with a range of opiate drugs. For example, morphine, heroin, and methadone have been shown
to result in a reduction in SWS and a suppression of REM sleep (Roubicek et al., 1969; Kay,
1975; Howe et al., 1980b; Howe et al., 1980a, 1981; Pickworth et al., 1981; Staedt et al.,
1996; Dimsdale et al., 2007). Although the identification of diminished SWS and REM sleep
during methadone treatment has been reported by several studies, data indicates that sleep
architecture abnormalities are variable during periods of methadone treatment initiation,
stabilization, and long-term maintenance (Kay, 1975).

Sleep studies have established that sleep deprivation (SD) results in marked behavioral
challenge evidenced by increased daytime sleepiness and task-specific functional impairment
(Pilcher and Huffcutt, 1996; Van Dongen et al., 2003). Sleep electroencephalogram (EEG)
studies have established that the sleep deficit associated with SD results in alterations to the
following nights recovery (RE) sleep indicative of sleep homeostatic function (Tilley et al.,
1987; Akerstedt et al., 2009). The prolonged wakeful period involved in total SD reliably results
in a physiologic challenge to sleep homeostasis and SD has been an effective tool to study
homeostatic sleep mechanisms in animal and human studies (Johnson et al., 2004; Everson et
al., 2005; Zeitzer et al., 2006). The involvement of sleep restoration processes in sleep
homeostasis becomes evident when an individual experiences RE sleep following SD. As
expected, RE sleep from an extended wakeful period is commonly associated with reduced
WASO, increased TST, and enhanced SEI (De Gennaro et al., 2002). The activity of sleep
homeostatic mechanisms during RE sleep is further exemplified by increased non-rapid eye
movement (NREM) slow wave sleep (SWS). In addition to the standard visual criteria used
for the analysis of SWS, the examination of slow wave activity (SWA) using of spectral power
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analysis (SPA) allows for a quantitative measure of frequency in the delta band that does not
require a specific amplitude criterion be met. SWA in sleep has been shown to be a marker of
sleep homeostatic processes, as enhancements in SWA have been strongly correlated to the
duration of extended wakefulness (Besset et al., 1998; Finelli et al., 2000). While SWS and
SWA correlate in healthy individuals, it has been demonstrated that SWS and SWA may be
uncoupled in patients with neuropsychiatric illness (Armitage et al., 1995). Collectively, the
study of RE sleep following SD provides objective measures of compensatory sleep
homeostatic changes in response to an acute sleep deficit. While there have been no previous
studies of sleep homeostasis in MM participants, a novel study examined the effects of partial
SD in alcohol-dependent participants in order to probe potential differences in sleep
homeostatic function (Irwin et al., 2002). In part, the findings identified abnormal sleep
physiology in alcoholic participants, reflected in diminished SWS and SWA during RE sleep
when compared to age-matched healthy control participants.

Recent brain imaging studies have begun to identify the brain processes and mechanisms
involved in sleep homeostatic processes and the subsequent involvement of sleep restoration
function during RE sleep (Zeitzer et al., 2006; Dang-Vu et al., 2008). Examinations of the
effects of SD on the brain have demonstrated changes in the function of brain bioenergetics
due to increased wakefulness such as a reduction of brain glycogen stores (Kong et al., 2002)
as well as a potential interaction with glucocorticoids (Gip et al., 2004). A report from our
laboratory demonstrated in healthy participants that RE sleep following SD results in elevations
in brain high energy phosphates such as beta–nucleoside triphosphate (beta-NTP) (Dorsey et
al., 2003). These brain energy changes after RE sleep support theories that wake time activity
is sustained by brain bioenergetic restoration during sleep (Ticho and Radulovacki, 1991).

Based upon consistent reports of sleep disturbances in MM patients and to ascertain a greater
understanding of methadone-induced physiological changes, we were particularly interested
in how SD may differentially affect MM participants compared to healthy controls. The
premise of the current study was that MM participants would exhibit a greater susceptibility
to disturbances in sleep architecture and continuity as a result of SD, which would be
accompanied by more pronounced enhancements in brain high-energy phosphates compared
to control participants. We hypothesized that the enhanced sleep homeostatic response in MM
participants would be evidenced by elevated objective sleep measures of sleep efficiency and
SWS in MM participants when compared to that of control participants. It was predicted that
if greater increases in RE sleep measures of SWS were not evident in MM participants, that
the additional examination of SWA may reflect greater delta spectral power during RE sleep
in MM participants. Based upon previous brain MRS imaging findings demonstrating that SD
results in RE sleep elevations of brain ATP levels, it was hypothesized that subsequent RE
sleep elevations in brain ATP would be more pronounced in MM participants when compared
to control participants. A critical aspect of methadone maintenance is the relationship between
treatment retention/duration and positive treatment outcomes (Condelli and Dunteman, 1993;
Gottheil et al., 1993; Cacciola et al., 1998; Peles et al., 2008). Clinical data and practices stress
the importance of methadone stabilization early in treatment related to a number of factors,
such as physiological adjustment to methadone, stabilizing methadone dosing, and providing
appropriate medical and social services (Kay, 1975; Brown et al., 1982; Hoffman and
Moolchan, 1994; Eap et al., 2002; King and Brooner, 2008). Based upon a potentially greater
physiological instability in patients early in methadone treatment, it was also hypothesized that
the effects of methadone maintenance may be a function of treatment duration, in that MM
participants who are early in treatment may exhibit a greater impact of SD on sleep homeostasis
when compared to MM participants who have been in methadone treatment for more than a
year. The present study took a novel approach in investigating the sleep homeostatic response
to SD in MM participants by examining objective EEG measures of sleep and utilizing
magnetic resonance spectroscopy (MRS) brain imaging to obtain in vivo determinations of
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high-energy brain phosphates, such as beta-NTP in the mornings following baseline sleep, a
night of SD, and two subsequent RE nights.

2. MATERIALS AND METHODS
2.1 Participants

The study participants were between the ages of 21 and 53 and were recruited via newspaper,
radio, and web-based advertisements. 16 control participants and 21 MM participants
completed the study. See Table 1 for participant demographics. PSG data from 3 control and
5 MM participants was not submitted to power spectral analysis (PSA) due to inadequate data
or insufficient calibration. [31]P MRS scan data from 3 MM participants was excluded due to
inadequate data resulting from MR scanner malfunction. Participants were excluded during
initial telephone screening if they had unstable primary medical or psychiatric illness, any
current Axis I psychiatric diagnosis, or history of psychotic disorders. Control participants
were excluded if they met any criteria for abuse or any current use of any drugs. MM
participants were included in this study if they met the DSM-IV criteria for opioid dependence,
and were currently enrolled in a stable methadone maintenance program. MM participants were
excluded based upon any of the following criteria: (1) diagnosis of substance dependence (other
than opioids or nicotine) (2) current primary medical or psychiatric illness (3) and any
contraindications to the MR scanning procedures. All participants were additionally screened
for psychiatric, medical, and primary sleep disorders during an onsite-screening visit.
Structured Clinical Interviews for DSM-IV (SCID) were conducted to further rule out primary
psychiatric disorders. A physician obtained a detailed health and medical history and performed
a physical examination and routine laboratory tests prior to selection.

All participants who provided informed consent participated in a screening night of PSG
measures to objectively rule out primary sleep disorders. Three participants were disqualified
from the study due to clinically significant obstructive sleep apnea syndrome (>10 respiratory
events per hour of sleep) or periodic limb movement disorder (>10 periodic leg movements
per hour of sleep). Urine screens were performed during the initial screening visit and on each
of the laboratory nights to ensure the absence of drug use in control participants and to verify
the absence of drugs other than methadone and its respective metabolites in MM participants.
Due to the high occurrence of polydrug use in MM participants, MM participants were not
excluded for positive drug screens for tobacco, low-level marijuana, or past cocaine use. Six
participants were excluded from the study due to the presence of other drugs in urine screens
prior to sleep study nights and three participants for positive drug screens other than methadone
during the study procedure.

The research protocol was reviewed and approved by the Institutional Review Board of
McLean Hospital and written informed consent was obtained from all participants with a
complete description of the study procedures. Participants completing segments of the
experimental protocol received monetary and/or voucher redeemable at local retail shops as
compensation for their voluntary participation.

2.2 Sleep Deprivation Paradigm
Following the initial screening night all participants underwent a night of baseline sleep, which
was followed by a night of total sleep deprivation (SD) involving 40 total consecutive wakeful
hours. Following SD, participants completed two additional nights of recovery sleep (RE).
PSG recordings were collected each night excluding the SD night and between 7:00 and 8:00
each study morning the participants underwent brain phosphorous [31] P MRS scanning.
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2.3 Sleep Physiologic Monitoring
Electroencephalogram (EEG), electrooculogram (EOG), electromyogram (EMG), and
electrocardiograph (ECG) measurements were collected during screening, baseline, and RE
nights. For participant screening full respiratory monitoring was applied including respiratory
flow, effort, and oximetry. Electrode placement was done in accordance with standard PSG
procedure (Rechtschaffen and Kales, 1968). Objective sleep measures obtained from
physiological recording were defined as follows: wakefulness after sleep onset (WASO) - the
amount of awake time in bed that occurred after sleep onset, sleep onset latency (SOL)- the
total time accumulated from wakefulness to sleep, sleep efficiency index (SEI) - the total time
asleep as a proportion of the total time in bed, total sleep time (TST) - total minutes of sleep
accumulated after sleep onset, slow wave sleep (SWS) - the total minutes of SWS scored by
standard scoring criteria, rapid eye movement (REM) sleep – total minutes of REM sleep scored
by standard criteria.

2.4 Spectral Power Analysis (SPA)
Electroencephalogram spectral power analysis (SPA) was calculated from obtain PSG data
using Somnologica™ Science (Embla®) software. Thirty-second epochs of non-rapid eye
movement (NREM) sleep from stages 2, 3, and 4 obtained with a data sampling rate of 220 Hz
and a 70 Hz high frequency filter from the electrode pairs C3-A2, which were submitted to
SPA and absolute values were averaged across the night. Specific frequency bands were
defined as: delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), sigma (12–16 Hz), beta 1 (16–
24 Hz), beta 2 (24–32 Hz), gamma (32–48 Hz). PSA data units were obtained for these
frequency bands in microVolts2/Hz.

2.5 Brain Magnetic Resonance Spectroscopy Imaging
All MRI/[31]P-MRS imaging experiments were performed on a 4 Tesla whole-body (Varian/
Unity-INOVA; Varian, Palo Alto, CA, USA), magnetic resonance scanner operating at 170.31
MHz and 68.95 MHz for proton and phosphorus measurements, respectively. A dual-
frequency, transverse electromagnetic (TEM)-design volume head-coil tuned to both proton
and phosphorus frequencies was used for all imaging and spectroscopy experiments
(Bioengineering Inc, Minneapolis, MN, USA).

2.6 Proton MRI
High-contrast, T1-weighted sagittal images of the entire brain were first acquired using a three-
dimensional, magnetization-prepared FLASH imaging sequence (3D-FLASH), allowing for
clear differentiation between grey-matter and white-matter, as well as clearly delineating
between the different anatomical regions of interest. The acquisition parameters for the sagittal
images were: TE/TR=6.2/11.4 ms, field-of-view (FOV)=24 cm × 24 cm, readout-duration=4
ms, receive bandwidth= ±32 kHz, in-plane matrix size=256×256, in-plane
resolution=0.94×0.94 mm, readout points=512, axial-plane matrix size=16, axial-plane
resolution=2.5 mm sagittal, scan time = 1 minute, 15 seconds. Then, high-resolution T1-
weighted images were acquired in the transverse plane, lasting 2 minutes 30 seconds each with
the same 3D-FLASH imaging sequence, but instead 32 slices were collected (phase-encodes)
of 4 mm nominal thickness (TE/TR=6.2/11.4 ms, field-of-view (FOV)=24 cm × 24 cm,
readout-duration=4ms, receive bandwidth= ±32 kHz, in-plane matrix size=256×256, in-plane
resolution=0.94×0.94 mm, readout points=512).

2.7 Phosphorus MRS
Phosphorus MRS was performed using the phosphorus channel of the dual tuned proton-
phosphorus head coil. Initially, eight control participants were scanned using a three-
dimensional (3D) [31]P MRS sequence for the phosphorus acquisition. It was recognized that
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MM participants were unable to complete the required 1-hour scan duration of the 3D [31]P
MRS scan. In order to maintain valuable scan data and to maintain comparability of additional
scan data, a two-dimensional (2D) [31]P MRS version of the original 3D [31]P MRS sequence
was used for the remaining twenty-nine participants. Limiting the acquisition of voxels from
a 2D slab, allowed for a markedly shorter 2D [31]P MRS scan duration of 9 minutes compared
to the 46-minute 3D [31]P MRS sequence.

The 2D-MRSI version phase encoded over a 6cm thick excitation slab placed in the exact same
mid-sagittal position as the 3 slices involved in the 3D [31]P MRS sequence. Aside from this,
all other parameters were identical between the 2D- and 3D-[31]P MRS protocols, including
FOV (33×33`cm), TR (500`ms), matrix (16×16, sparse sampling scheme using the same SINC-
lobe-modulated, weighted-average k-space filter). Transmit/receive frequency was first
centered on the PCr resonance, as measured with a global free-induction decay (FID). The 2D-
CSI sequence used a reduced phase-encoding scheme based on prior work (Ponder and Twieg,
1994). This scheme allows for the inclusion of circularily-bound, reduced-point, weighted k-
space acquisition, providing approximately 35% more signal-to-noise for a given scan time
and effective voxel volume over conventional methods. All viable voxels from three mid-
sagittal slices over the entire brain were analyzed from 3D [31]P MRS data. This was essentially
equivalent to the 2D axial-plane consisting of 2×2×6 cm voxels (slices are effectively 2cm
thick × 3 slices equals 6cm thick slab-of-interest). The 2D-PSF (actual voxel signal
distribution) as well as signal-to-noise, were analogous between the 2D and 3D [31]P MRS
acquisitions. Also, since the tip-angle (32 degrees) and TR were the same between sequences,
the resultant spectra were virtually-identical between sequences when tested back-to-back on
a healthy control in terms of metabolite T1-weighting. In addition to matching scan parameters,
fundamental differences exist between the 2D- and 3D- [31]P MRS sequences that primarily
emanate from diminutive differences in the tip angle between sequences (global square pulse
for 3D vs. selective SINC pulse for 2d), leading to minute T1-weighted differences in derived
peak areas. There is an inherent chemical-shift displacement artifact using 2D [31]P MRS,
which could affect measures of any off-resonance metabolites due to spatial-shifts in slab
excitation. To rectify these potential influences, correction-factors for each measured
metabolite from an in vivo healthy control participant were derived and applied to the
3D [31]P MRS data. The resultant metabolite measures were extremely in-line with the acquired
2D [31]P MRS data and there were no significant differences for any of the MRS metabolites.

All in vivo CSI/image data was processed and viewed using Varian Nuclear Magnetic
Resonance (VNMR) software, Version 6.1b (Varian, Palo Alto, CA, USA) and software
designed and written on site. Prior to Fast Fourier Transform (FFT) reconstruction to spatially
resolve the CSI spectra, the collected k-space data was centered in a 16 × 16 square matrix.
Each time-domain FID was then zero-filled out to 2048 complex points and left-shifted five
points to remove residual bone/rigid membrane signal. Using the MRI images, the 2D-CSI
data grid was shifted in the x and y dimensions in order to position the sampling grid such that
it was centered inside the brain according to anatomical landmarks. The peak areas of the
following metabolites: phosphoethanolamine (Pe), phosphocholine (PCh), inorganic
phosphate (Pi), glycerophosphoethanolamine (GPE) and glycerophosphocholine (GPC),
phosphocreatine (PCr), and three peaks for adenosine triphosphate (alpha-, gamma-, and beta-
NTP) (Figure1), were fitted to an in vivo spectral model through the use of a non-linear, iterative
(Potwarka et al., 1999;Jensen et al., 2002). The fitting routine is based on a Marquardt-
Levenberg algorithm, utilizing prior spectral knowledge for the relative amplitudes, linewidths,
lineshapes, peak positions and J-coupling constants to model the in vivo [31]P brain spectrum.
Each fitted spectral peak area was expressed as a ratio to the total [31]P signal per voxel. The
fitted metabolite amplitudes are not T2-weighted since the fitting algorithm back-extrapolates
to time zero.
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2.8 Statistical Analysis
In order to identify differences under baseline conditions, PSG, SPA, and [31]P MRS data
measures were subjected to ANOVA analysis. All obtained data were initially analyzed for
effects of age and sex in order to identify potential treatment interactions. Significant
interactions with age or sex with methadone treatment were not detected for any obtained
dependent measures. Statistical linear mixed model analyses were conducted to determine
effects of treatment for PSG and SPA data obtained on baseline, RE1, and RE2 study nights
and [31]P MRS data collected the mornings following baseline, SD, RE1, and RE2 study nights.
When appropriate, post-hoc analyses of pair-wise comparisons were performed using Fischer’s
LSD analysis. Alpha was set to p<0.05 for all statistical testing.

Although the identification of treatment effects between control and MM participant data was
of primary interest, additional treatment variables were considered. Based upon the possibility
that significant treatment differences between MM and control participants may be further
explained by either the duration of methadone treatment, the duration of opioid use, and/or
methadone dose were submitted as additional variables for further analysis for all PSG, SPA,
and [31]P MRS measures. To determine effects of the duration of methadone treatment,
participant data was dichotomized as short-term MM (methadone<12 months) and long-term
MM (methadone≥12 months) or the data was examined as a continuous covariate by the number
of months enrolled in methadone treatment. Similarly, potential effects of methadone dose
were determined with participant data dichotomized as low-dose MM (daily dose < 80 mg
methadone) and high-dose MM (daily dose ≥ 80 mg methadone) or the data was examined as
a continuous covariate by mg dosage of methadone. The effects of the duration of opioid use
were examined as a continuous covariate.

3. RESULTS
3.1 Polysomnogram (PSG) Sleep Measures

3.1.1 Slow Wave Sleep (SWS)—The overall amount of SWS during baseline sleep was
not significantly different between treatment groups as both control and MM participants had
comparable total SWS time. Statistical analysis across the sleep deprivation paradigm
identified strong effect of study day [F[1,36]=15.542, p<0.0001], indicative of a reliable
elevation in SWS observed across all participants during RE1 sleep compared to SWS during
baseline sleep (Figure 2A). Despite lower mean values of SWS across sleep nights in MM
participants compared to control participants, there were no significant treatment differences
in SWS with respect to study day. Additionally, there were no significant treatment effects in
the secondary analysis that differentiated effects by duration of methadone treatment,
methadone treatment dose, or duration of opioid use on SWS.

3.1.2 Sleep Onset Latency (SOL)—There was a significant main effect of treatment
[F[1,36]=4.761, p<0.05], as MM participants exhibited decreased overall amounts of SOL
during baseline sleep when compared to that of control participants. Similarly, statistical
analysis across the sleep deprivation paradigm identified a statistically significant main effect
of treatment [F[1,36]=5.268, p<0.05], as MM participants had lower mean SOL across sleep
nights when compared to control participants. Statistical analysis across the sleep deprivation
paradigm identified a significant effect of study day [F[1,36]=23.514 p<0.0001], exemplifying
a reliable reduction in SOL across all participants during RE1 sleep compared to baseline sleep
(Figure2B). Additionally, there were no significant treatment effects in the secondary analysis
that differentiated effects by methadone treatment, methadone treatment dose, or duration of
opioid use on SOL.
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3.1.3 Rapid Eye Movement (REM) Sleep—There were no significant treatment
differences in baseline REM sleep and although MM participants had lower mean REM across
sleep nights compared to control participants analysis of treatment effects across the sleep
deprivation paradigm were not statistically significant. Statistical analysis across the sleep
deprivation paradigm identified strong effect of study day [F[1,36]=10.64, p<0.01],
exemplifying increases in REM sleep across participants during RE1 sleep compared to
baseline sleep (Figure2C). Additionally, there were no significant treatment effects in the
secondary analyses that differentiated effects by methadone treatment, methadone treatment
dose, or duration of opioid use on REM sleep. Additionally, there were no treatment differences
in REM latency across SD study nights.

3.1.4 Total Sleep Time (TST)—There were no significant treatment effects in baseline sleep
TST. Statistical analysis across the sleep deprivation paradigm identified a statistically
significant treatment x sleep night interaction [F[1,36]=7.922, p<0.01] (Figure 3A). Post hoc
analysis revealed that there was a significant difference in TST between treatment groups
during both RE1 [p<0.05] and RE2 [p<0.05] sleep nights, as MM participants exhibited
significantly reduced TST compared to control participants.

Secondary analysis of treatment effects specific to the participants’ duration of methadone
treatment revealed a significant main effect of treatment duration [F[2,31]=5.937, p<0.05] and
a treatment x study day interaction [F[2,35]=3.910, p<0.05] (Figure 3B). Post hoc revealed that
the original treatment difference (control vs. MM) was primarily driven by increases in TST
in control and long-term MM participants during RE1 night, that were not exhibited by short-
term MM participants [p<0.5]. There were no significant treatment effects in the secondary
analysis that differentiated effects by methadone treatment dose or duration of opioid use on
TST data.

3.1.5 Wake After Sleep Onset (WASO)—There were no significant effects in WASO
during baseline sleep. Statistical analysis across the sleep deprivation paradigm identified a
significant main effect of treatment [F[1,34]=4.386, p<0.05], as WASO amounts were greater
in MM participants across sleep nights when compared to control participants (Figure 4A).
There was a significant treatment x sleep night interaction [F[1,36]=5.239, p<0.05], which
emanated from significantly lower WASO in control participants when compared to MM
participants on RE1 [p<0.05] and RE2 [p<0.05].

Secondary analysis of treatment effects specific to the participants’ duration of methadone
treatment revealed marked differences in WASO between short-term and long-term MM
participants (Figure 4B). When treatment groups were specified as control vs. short-term MM
vs. long-term MM, analysis revealed a significant main effect of treatment [F[2,32]=5.122,
p<0.05] as well as a significant treatment x study day interaction [F[2,36=6.983, p<0.01]. Post
hoc analysis determined that these effects were driven by significantly lower WASO in both
control and long-term MM participants in comparison to WASO from short-term MM
participants on both RE1 [p<0.05] and RE2 [p<0.05] nights. There were no significant
treatment effects in the secondary analysis that differentiated effects by methadone treatment
dose or duration of opioid use on WASO data.

3.1.6 Sleep Efficiency Index (SEI)—There were no significant effects of treatment in
baseline sleep SEI. There was a significant treatment x sleep night interaction [F[1,32]=7.390,
p<0.01]. Post hoc analysis revealed that there was a significant difference in SEI between
treatment groups during RE1 [p<0.05] and RE2 [p<0.05] sleep nights, as MM participants
exhibited significantly reduced SEI compared to control participants (Figure 5A).
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Secondary analysis of treatment effects specific to the participants’ duration of methadone
treatment identified a significant main effect of treatment [F[2,32]=4.166, p<0.05] and a
treatment x study day interaction [F[2,36]=5.941, p<0.05]. Post hoc analyses identified
statistically significant increases in SEI during RE1 and RE2 nights in control [p<0.05] and
long-term MM [p<0.05] participants were not exhibited by short-term MM participants (Figure
5B). There were no significant treatment effects in the secondary analysis that differentiated
effects by methadone treatment dose or duration of opioid use on SEI data.

3.2 Spectral Power Analysis (SPA)
3.2.1 Delta—Analysis of Power during baseline sleep revealed a significant main effect of
treatment [F[1,26]=5.61, p<0.05], as MM participants exhibited elevated delta power during
baseline sleep when compared to control participants (Figure 6A). Statistical analysis across
the sleep deprivation paradigm identified a significant main effect of treatment [F[1,28]=7.28,
p<0.01], illustrating that Delta power levels were elevated in MM participants at baseline
[p<0.05] and continuing during recovery sleep [p<0.05], when compared to control
participants. There were no significant treatment effects in the secondary analysis that
differentiated effects by duration of methadone treatment, methadone treatment dose, or
duration of opioid use on delta power.

3.2.2 Theta—Analysis of theta during baseline sleep revealed a statistically significant main
effect of treatment [F[1,26]=11.66, p<0.01], as MM participants exhibited elevated theta during
baseline sleep when compared to control participants (Figure 6B). Statistical analysis across
the sleep deprivation paradigm identified a significant main effect of treatment [F[1,28]=12.24,
p<0.01], illustrating that theta levels were elevated in MM participants at baseline [p<0.01]
and continuing during recovery sleep [p<0.01], when compared to control participants. There
were no significant treatment effects in the secondary analysis that differentiated effects by
duration of methadone treatment, methadone treatment dose, or duration of opioid use on theta
measures.

3.2.3 Alpha—Analysis of alpha power during baseline sleep revealed a statistically
significant main effect of treatment [F[1,26]=9.38, p<0.01], as MM participants exhibited
elevated alpha during baseline sleep when compared to control participants (Figure 6C).
Statistical analysis across the sleep deprivation paradigm identified a significant main effect
of treatment [F[1,28]=7.61, p<0.05], illustrating that alpha levels were elevated in MM
participants at baseline [p<0.05] and continuing during recovery sleep [p<0.05], compared to
control participants. There were no significant treatment effects in the secondary analysis that
differentiated effects by duration of methadone treatment, methadone treatment dose, or
duration of opioid use on alpha power.

3.3 Brain Phosphorus [31]P Magnetic Resonance Spectroscopy
3.3.1 beta-nucleoside triphosphate (beta-NTP)—There were no treatment differences
in baseline levels of brain beta-NTP between MM and control participants. Analysis of changes
in beta-NTP over the course of the sleep deprivation paradigm revealed notable differences
with respect to treatment. There was a significant main effect of treatment [F[1, 32]=26.19,
p<0.001], as MM participants had greater levels of beta-NTP compared to levels in control
participants when collapsed over the study days. There was a significant effect of study day
[F[1, 68]=11.872, p<0.01] (Figure 7A). Similar to previous findings (Dorsey et al., 2003), total
sleep deprivation enhanced brain beta-NTP levels which was most evident in [31]P MRS
following a night of recovery sleep. Post hoc analysis verified significantly greater levels of
beta-NTP following recovery sleep when compared to baseline beta-NTP levels [p<0.05].
These results provide confirmation of a build up of brain beta-NTP following recovery sleep
from sleep deprivation, indicating marked changes in brain ATP as a result of sleep deprivation.
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Most notably, there was a significant interaction of treatment x study day [F[1,68]=27.925,
p<0.001], identifying significant differences in brain beta-NTP levels between control and
MM participants over the course of the sleep deprivation paradigm (Figure 7B). Post hoc
analyses determined that brain beta-NTP levels following SD [p<0.05], RE1 [p<0.05], and
RE2 [p<0.05] nights were significantly greater in MM participants than in control participants.
These data demonstrate that elevations in beta-NTP levels were greatest in MM participants
following RE1 sleep, indicating a differential influence of sleep deprivation on metabolic
processes involving the regulation and/or restoration of brain ATP in these drug-dependent
participants.

There were significant treatment and a treatment x study day interaction effects in the secondary
analysis of duration of methadone treatment on baseline beta-NTP levels and over the course
of the sleep deprivation paradigm. Despite these effects, post hoc analysis revealed that beta-
NTP levels in short-term MM and long-term MM participants were different than control
participants, but there were no differences between beta-NTP levels from short-term and long-
term MM participants. Similarly, secondary examination of treatment effects on beta-NTP
levels emanating from participant differences in methadone dose or the duration of opioid
dependence did not reveal informative significant effects when each was considered a
continuous covariate within the MM group or when methadone dose was dichotomized as high
or low dose MM.

3.3.2 alpha-, gamma-, and total nucleoside triphosphate (NTP)—Although, changes
in brain beta-NTP were of primary interest in reflecting changes in brain ATP with sleep
deprivation and recovery sleep, results are reported for alpha-NTP, gamma-NTP, total-NTP,
PCr, and Pi. There were no significant treatment differences in brain alpha- or gamma-NTP
levels between MM and control participants following a normal baseline night of sleep.
Examination of baseline levels of total-NTP revealed that brain total NTP levels were elevated
in MM participants when compared to controls participants [F[1,34]=10.31, p<0.01].

Analysis over the course of the sleep deprivation paradigm revealed notable differences with
respect to gamma- and total NTP levels. There were no significant differences detected in brain
alpha-NTP levels over the course of the sleep deprivation paradigm (Table 2). There was a
main effect of treatment [F[1,32]=8.12, p<0.01], as brain gamma-NTP levels were significantly
greater in MM participants compared to control participants collapsed over sleep nights.
Analysis of brain total NTP levels revealed a significant main effect of treatment [F[1,32]=30.81,
p<0.0001], as total NTP levels were significantly greater in MM participants compared to
control participants collapsed over sleep nights (Figure 7C).

Additionally, there were no significant effects in the secondary analysis of duration of
methadone treatment, methadone treatment dose, or duration of opioid use on alpha-NTP
levels. There were statistically significant treatment and/or treatment x study day interaction
effects on gamma- and total NTP in the secondary analyses of duration of methadone treatment,
methadone dose, or the duration of opioid use, but these treatment effects did not differentiate
effects between either short-term MM vs. long-term MM or high vs. low dose MM. There were
no significant effects when treatment variables were considered a continuous covariate within
the MM group.

3.3.3 Phosphocreatine (PCr) and inorganic phosphate (Pi)—There were no
treatment differences in baseline levels of brain phosphocreatine (PCr) or inorganic phosphate
(Pi) between MM and control participants. There was significantly reduced baseline Pi levels
[F[1,34]=4.39, p<0.05]in MM participants compared to that of control participants.
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Brain PCr levels markedly increased over the course of the sleep deprivation, which was
reflected in a significant main effect of study visit [F[1,68]=5.18, p<0.05]. Post hoc analysis
revealed that brain PCr levels were significantly elevated following recovery1 sleep night when
compared to after baseline sleep night [p<0.05]. There was a significant interaction of treatment
x study day [F[1,68]=6.62, p<0.01] as brain PCr levels following recovery1 sleep in MM
participants were greater than that of control participants [p<0.05] (Table 2). In contrast, brain
Pi levels markedly decreased over the course of the sleep deprivation and there was a significant
main effect of study visit [F[1,68]=7.98, p<0.01]. Post hoc analysis revealed that brain Pi levels
following recovery sleep in MM participants were greater than that of control participants
[p<0.05] (Table 2). There was a main effect of treatment across study days [F[1,32]=17.52,
p<0.001] as MM participants had lower Pi levels when compared to control participants.

There were statistically significant treatment and/or treatment x study day interaction effects
on Pi and PCR in the secondary analyses of duration of methadone treatment, methadone dose,
or the duration of opioid use, but these treatment effects did not differentiate effects between
either short-term MM vs. long-term MM or high vs. low dose MM. There were no significant
effects when treatment variables were considered a continuous covariate within the MM group.

4. DISCUSSION
The current study aimed to further understand sleep disturbances in MM participants by
examining the response to 40 hours of total SD followed by two RE sleep nights while
measuring neurophysiologic PSG and [31]P MRS neuroimaging. The present investigation is
the first study of SD in MM participants to investigate the integrity of sleep homeostatic and
brain restoration processes. We presently hypothesized that MM-participants would exhibit
greater reductions in WASO and enhancements of TST and SEI during RE sleep when
compared to control participants. Contrary to our predictions, although control participants
exhibited the typical enhancements in RE sleep, MM participants not only did not appear to
experience the expected increases in TST and SEI and reductions in WASO during RE sleep.
Analyses examining potential effects of the duration of methadone treatment provided greater
insight into the mediation of the treatment effect, furthermore indicating that short-term MM
participants did not display the expected changes in RE sleep such as decreased WASO and
greater TST and SEI, while long-term MM participants were more similar to controls. These
data indicate that RE sleep is altered in MM participants, but particularly in short-term MM
participants who have been enrolled in methadone treatment for less than 12 months. The RE
sleep differences observed in short-term MM participants may be reflective of a greater
disruptive impact of SD to RE-related sleep restoration processes when methadone patients
are not yet stabilized to methadone treatment. Overall, the reduced RE sleep efficiency in short-
term MM participants may result in a partial loss of the expected restorative qualities of sleep,
require a longer duration of RE sleep, and contribute to greater and/or prolonged consequences
to behavioral performance.

Additionally, based upon the notion that SD would potentially have a greater impact in MM
participants and the strong relationship of homeostatic control and measures of SWS and SWA,
it was hypothesized that MM participants would have greater levels of SWS and/or SWA
during RE sleep when compared to that of control participants. Although we did not detect
treatment effects in SWS across sleep nights, SWS did increase during RE sleep compared to
baseline with a subsequent return to baseline becoming evident during RE2 sleep in both MM
and control participants. The lack of an effect of MM on SWS is interesting considering the
consistent treatment differences presently obtained and in lieu of reports implicating a primary
role of SWS in sleep homeostatic and restoration processes (Horne and Staff, 1983; Dorsey et
al., 1996; Dorsey et al., 2003). One interpretation may be that although a strong relationship
exists between SWS and sleep restoration; other sleep processes may also contribute to
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restorative sleep. Alternatively, it is also plausible that examination of SWA as determined by
delta SPA may better characterize differences in MM participants, otherwise unidentifiable
using standard SWS criteria, due to a potential uncoupling of SWS and SWA measures in MM
participants. In order to further investigate changes in restorative processes in MM participants
that were not observed in SWS measures during RE sleep, we conducted power spectral
analysis (PSA) to characterize delta spectral power related SWA for all study sleep nights. PSA
findings demonstrated that MM participants had significantly greater delta spectral power
during RE1 and RE2 sleep compared to control participants, supporting the notion that RE
sleep restoration processes are elevated during methadone treatment.

In contrast to the findings of Irwin et al., which demonstrated that alcoholics have diminished
plasticity in the sleep homeostatic regulation of SWS and SWA (2002), the current study found
that MM participants did not display a loss in sleep homeostatic plasticity. Alternatively, MM
participants exhibited RE sleep increases in SWS that were comparable to control participants
and intriguingly, a hyper-responsive sleep homeostatic response in SWA. The directional
disparity between alcoholic and MM participants in sleep homeostatic function may in part be
driven by underlying changes in sleep related aspects of central nervous system physiology.
The acute effects of alcohol have been shown to result in increases in SWS and reductions in
REM sleep (Salamy and Williams, 1973; Prinz et al., 1980; Roehrs et al., 1999). Similar to
sleep findings with MM, alcohol dependence has been shown to result in sleep difficulties and
disruptions in sleep architecture, with the most notable findings identifying a reduction in SWS
and REM sleep (Wagman et al., 1978; Gillin et al., 1990; Nicholas et al., 2002). Another
comparison exists from findings of congruent alterations in sleep measures of SWS in MM
participants and those observed in depression patients. A strong relationship between sleep
regulation and depression has been established and interestingly, acute SD has been shown to
have therapeutic effects on depressive symptomology (van den Burg and van den Hoofdakker,
1975; Reyero and Muller, 1977; Duncan et al., 1980). The therapeutic effect of SD on
depressive symptoms has been shown to have a direct relationship to the occurrence of SWS
recovery or plasticity during subsequent RE sleep (Reynolds et al., 1987; Nissen et al., 2001).
Despite similar sleep architecture findings such as reduced SWS between alcohol dependence,
depression, and methadone treatment, there are some clear differences when comparing the
response to SD. The diminished SWS plasticity in response to SD in alcoholics is in contrast
to the elevated SWS in response to SD observed in depressed patients. In comparison, the
present findings demonstrate a differential profile of SWS/SWA plasticity in response to SD,
as MM participants exhibited RE sleep plasticity in SWS comparable to that of control subjects
and additionally displayed markedly enhanced SWA.

Several studies have demonstrated marked fluctuations in brain bioenergetics as a result of SD
and provide support to theories that fluctuations in brain bioenergetics are likely attributable
to the prolonged metabolic demands encountered with extended wakefulness (Adam and
Oswald, 1977; Benington and Heller, 1995; Frank, 2006). For example, the noted depletion of
brain glycogen energy stores resulting from SD may reflect prolonged neuronal energy
demands depleting glycogen fuel sources (Kong et al., 2002; Gip et al., 2004). Furthermore,
evidence of SD-induced elevations in brain adenosine may reflect the wakeful metabolism of
brain ATP into adenosine diphosphate (ADP) and adenosine byproducts, which may underlie
an enhancement of sleep pressure experienced with prolonged wakefulness (Radulovacki,
1985; Porkka-Heiskanen et al., 1997; Zeitzer et al., 2006). Collectively, these data support the
notion that under normal conditions, brain glycogen driven by metabolic activity may be
utilized as ATP and following ATP utilization adenosine is derived promoting sleep drive.
Both a depletion of brain glycogen stores and elevated brain adenosine levels with SD implicate
corresponding fluctuations in brain ATP. Subsequently, Dorsey et al., provided confirmation
of SD-induced changes in brain ATP levels, specifically demonstrating a build up of brain ATP
levels the morning following RE sleep (2003).
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Given the previous [31]P MRS findings of SD-induced build up of brain beta-NTP following
RE (Dorsey et al., 2003), the present study sought to examine changes in brain bioenergetics
following SD, but aimed to investigate how the build up of brain ATP following RE sleep may
be altered in MM participants. [31]P MRS is the most studied method to examine brain high-
energy phosphate metabolites and it provides a direct measure of NTP levels (Renshaw et al.,
2001). Beta-NTP is of primary interest as beta-NTP is unique to ATP, whereas alpha- and
gamma-NTP also contribute to nucleoside diphosphates (NDP). The present study did not
identify methadone maintenance-related differences in baseline levels of brain beta-NTP,
which is consistent with previous findings of no differences in baseline brain NTP levels
between early treatment MM participants and control participants (Silveri et al., 2004). The
present study in accordance with the findings of Dorsey et al., participants of both treatment
groups exhibited a significant increase in brain beta-NTP, providing confirmation that brain
ATP levels fluctuate over the course of a SD paradigm, with peak ATP levels occurring
following a first night of RE sleep (2003). Furthermore, the present global brain [31]P MRS
results identified a significant difference in the RE1 associated elevation in brain beta-NTP in
MM participants. Specifically, it was shown that the increases in beta-NTP levels following
RE1 sleep were significantly larger in MM participants than those in control participants. This
greater change in beta-NTP in MM participants was also significant during active SD and
following the RE2 sleep night, but the largest change in beta-NTP was following RE1 sleep.
Additionally, the [31]P MRS imaging results demonstrate that fluctuations in brain ATP (beta-
NTP) were associated with fluctuations in brain Pi and PCr levels with SD and RE sleep. These
data are consistent with previous findings that PCr is an energy carrier between sites of ATP
production and utilization (Chance et al., 1988; Nishijima et al., 1989; Yoshizaki et al.,
1989). Additionally, the larger brain beta-NTP increases in MM participants over the SD
paradigm were inversely linked to a trend for reductions in brain Pi levels and significant
reductions in PCr levels in MM participants over the course of the SD paradigm when compared
to Pi and PCr levels in control participants. The reductions in PCr and Pi levels in MM
participants were most evident during active SD and following RE sleep.

The current findings may result in several interpretations. These data may suggest that
metabolic sleep restoration processes which occur during RE sleep are characterized by a build
up of brain ATP levels in compensation for greater metabolic demands required during the
prolonged wake period of SD. One perspective may be that the prolonged metabolic demands
necessary to sustain wake-time function with SD initiates a sleep homeostatic process involving
enhanced restoration of brain ATP following RE sleep. Following this view, the present
findings of greater enhancements in brain ATP following RE in MM participants when
compared control participants may reflect a greater impact of SD to sleep homeostasis. A
greater impact of SD may imply a greater metabolic challenge in MM participants when
compared to healthy individuals, such that the physiological demands experienced with
extended wakefulness may be larger in these drug-dependent individuals. It may also be the
case that the disruption to sleep homeostasis induced by SD results in sleep restoration
processes which may be unable to properly regulate the brain phospholipid balance and
maintain brain high-energy equilibrium.

An alternative view may be that the homeostatic response to SD is characterized by a
compensatory slowing of bioenergetic metabolism. It is plausible that during SD metabolic
processes are slowed down resulting in a build up of unutilized brain ATP. This interpretation
corresponds with numerous reports of region specific reductions in metabolic activity during
active SD (Wu et al., 1991; Braun et al., 1997; Thomas et al., 2000), possibly indicating that
one aspect of the homeostatic response to SD is to initiate a compensatory mode of metabolic
conservation. Additional support for this view is provided by the present [31]P MRS brain
imaging results demonstrating that in MM participants that while the largest elevation in brain
ATP levels was observed following RE sleep, brain ATP levels appear to begin to rise during

Trksak et al. Page 13

Drug Alcohol Depend. Author manuscript; available in PMC 2011 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



active SD. Interestingly, the findings of Dorsey et al., in conjunction with the present results
illustrate that the elevations in brain ATP in control participants were most evident following
RE sleep and there were no apparent changes in brain ATP levels during active SD. Under
these conditions it is conceivable that the homeostatic response to SD in MM participants may
be altered in that the level of metabolic conservation may be larger in methadone maintained
individuals. In contrast, the present results demonstrating corresponding increases in brain PCr
levels with increases in brain ATP levels over the course of the SD paradigm indicate that with
prolonged wakefulness there is an enhancement in the utilization of ATP. Collectively, it may
be the case that both conditions take place, such that with SD a decreased metabolic state is
initiated, but the prolonged energy demands still require greater ATP utilization.

In summary, it was hypothesized that short-term MM participants may exhibit the greatest
differences over the course of the SD paradigm, as stabilization in methadone treatment is
associated with numerous complications, such as alterations in sleep architecture and
neuroendocrine function, as well as psychiatric dysfunction (Judson and Goldstein, 1982;
Woody et al., 1984; Willenbring et al., 1989; Neshin, 1993). Sleep PSG results identified
notable differences in RE sleep in short-term MM participants compared to control participants,
highlighting consequences of sleep loss with SD and the importance of monitoring sleep early
in treatment. Although long-term MM participants did not exhibit the robust changes in PSG
measures observed in short-term MM participants, similar to short-term MM participants, long-
term MM participants did exhibit greater elevations in beta-NTP measures of brain ATP levels
following SD than control participants. The data highlights the notion that although individuals
who have been stabilized to methadone maintenance may not exhibit differences in sleep PSG
measures in response to SD, long-term MM individuals may have persistent underlying
changes in brain metabolic and/or sleep restorative processes.

Collectively, The present study identified a differential response to SD in MM participants
compared to control participants, as measured by PSG and [31]P MRS brain imaging. The lack
of increases in TST and SEI during RE sleep in MM participants (particularly short-term MM)
indicate disrupted RE sleep, which may result in a prolonging the RE sleep restoration
processes into subsequent RE sleep nights. It is likely that MM participants may require more
sleep nights to recover from the impact of sleep loss. This theory may be congruent with the
notion that SD results in a greater impact to sleep homeostasis in MM individuals. The results
identifying differences in brain ATP levels in MM participants may reflect an inability to
properly regulate brain bioenergetics in response to sleep loss. Particularly with methadone
maintenance, the SD challenge may result in an over compensation in the restoration of brain
ATP, indicative of an increase in brain ATP production or a reduction in ATP metabolism. A
relationship may exist between SD-induced metabolic conservation and SD-induced cognitive
performance deficits, potentially leading to greater cognitive performance deficits in MM
individuals. Previous brain imaging studies examining the effects of SD have implicated
cognitive task-specific changes in frontal brain activations (Drummond et al., 2005; Zeitzer et
al., 2006) and regional decreases in frontal brain metabolism, which were also observed after
RE sleep (Wu et al., 2006). The alterations in sleep homeostatic and sleep restoration processes
in MM participants in response to SD may have consequences in other physiological processes
that require a high metabolic demand. Sleep loss in MM participants may disrupt restorative
sleep processes, subsequent sleep patterns, and impact daytime wake function. Sleep in MM
patients is important as insomnia is associated with psychiatric disorders, depression, and a
decline in executive function (Chuah et al., 2006).

In consideration of neurophysiological mechanisms underlying the present objective sleep and
brain MRS imaging findings, one a plausible factor may be the function of the hypothalamic-
pituitary-adrenal (HPA) axis. The HPA axis is a primary component of the neuroendocrine
system that regulates physiological functions such as immunity, mood, and energy metabolism
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and the response to stress (Hauger and Datzenberg, 2000). The HPA axis also function to
maintain alertness and in sleep regulation. Dysfunction in the HPA axis such as alterations to
corticotrophin-releasing hormone (CRH) or adrenocorticotropic hormone (ACTH) can disrupt
sleep (Lesch et al., 1988; Garcia-Borreguero et al., 2000; Rodenbeck et al., 2002; Buckley and
Schatzberg, 2005). Cortisol is secreted during the stress response and stress tends to worsen
sleep leading to theories that HPA axis abnormalities may directly contribute to some sleep
disorders, such as insomnia (Buckley and Schatzberg, 2005). A study demonstrated that SD
results in a significant reduction of cortisol secretion which is under the control of increase of
slow wave sleep during the recovery night (Vgontzas et al., 1999). One intriguing example is
the relationship of HPA axis function and depression, as depression is often associated with
sleep disturbances and hypercortisolemia (Arborelius et al., 1999). Investigations seeking to
elucidate the neurobiological mechanisms associated with the therapeutic effects of SD in
depressed patients have demonstrated that the response to SD in depressed patients results in
decreased cortisol levels highlighting decreased HPA axis activity during RE sleep (Arborelius
et al., 1999; Vgontzas et al., 1999; Murck et al., 2006). Similarly, opioid addiction and
methadone treatment have been shown to result in alterations to noradrenergic regulation and
the function of the stress-responsive HPA axis (Stine et al., 2001). For example, findings
suggest that chronic opioid dependence results in reduced HPA axis function, while opioid
withdrawal may decrease pituitary and increase adrenal responses (Zhang et al., 2008).
Although it was initially thought that perturbations in HPA axis function become normalized
with methadone treatment stabilization (Kreek et al., 1983; Kreek et al., 1984), more recent
studies have observed HPA axis abnormalities, which persist into stable long-term methadone
maintenance (Stine et al., 2002; Schluger et al., 2003). It has been postulated that
hypoadrenalism in methadone addicts might explain some of the negative symptoms frequently
associated with methadone treatment, including fatigue, weakness, and depression (Dackis et
al., 1982; Pullan et al., 1983). It has also been shown that alcohol consumption results in the
activation of the hypothalamus-pituitary-adrenal (HPA) axis, and with more persistent
alterations of the HPA axis existing in heavy drinkers (Badrick et al., 2008; Wong et al.,
2008). In contrast to the hypoadrenalism noted with methadone maintenance, data has shown
that chronic heavy drinking results in hypercortisolism (Beresford et al., 2006; Badrick et al.,
2008; Wong et al., 2008). Although the precise neurobiology remains uncertain, based upon
the relationship of the HPA axis to sleep and energy metabolism and the identification of
methadone-induced hypoadrenalism, it is conceivable that HPA axis dysfunction in MM
participants is a primary mechanism driving the current objective sleep measures and MRS
brain imaging findings of a differential RE sleep homeostatic response to SD.

While the current findings highlight the importance of long-term treatment stabilization in
methadone maintenance, another important and related aspect is that potential functional
disruptions such as reduced cognitive and/or executive function(s) due to drug abuse-related
insomnia may directly contribute to an increase drug relapse potential (Ford and Kamerow,
1989; Staedt et al., 1996; Beswick et al., 2003). For example, a greater impact of acute sleep
loss early in methadone treatment may directly increase the propensity for opioid relapse
furthermore impeding the patients’ ability to achieve prolonged participation in methadone
maintenance. In other words, MM patients who are more susceptible to certain conditions such
as acute sleep loss and are unable to become stabilized to methadone maintenance may become
unable to reach long-term MM status. Limitations of this study include the limited sample size,
which may contribute to less than ideal statistical power in examining treatment x sex
differences, and potential differences in participant drug use history. While the present study
excluded MM participants based upon dependence to drugs other than opiates or nicotine and
for primary psychiatric disorders, a common feature of methadone maintenance is polydrug
abuse, drug chipping, and the occurrence of depression. Studies have shown that methadone
maintenance results in a greater occurrence of central sleep apnea (Teichtahl et al., 2004;
Teichtahl and Wang, 2007; Webster et al., 2008). Additionally, while participants exceeding
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criteria for respiratory events and periodic leg movements (PLMs) during study screening were
excluded from the study, a potential limitation may exist from the contribution of fluctuations
in respiratory and/or PLMs over the course of the study sleep nights. The contribution of
polydrug abuse, depressive symptomology, or central sleep apnea to the effects of SD during
methadone maintenance treatment are not examined by the current study and the potential
interaction of these factors may be important considerations with MM patients. In lieu of the
current findings, methadone maintenance remains an effective and affordable treatment for
opioid-dependence. Overall, the results highlight the biological sleep homeostatic response to
SD in a drug-dependent population, underscoring the need for close monitoring of sleep loss
or disturbances in MM patients, and support the notion that SD-induced cognitive deficits may
be more prevalent or of a larger magnitude in drug-dependent individuals. Further
characterization is necessary to fully understand the impact of sleep disturbances in MM
patients on sleep behavior and cognition as well as on the propensity for drug relapse.
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Figure 1.
A) Numbered 1–6 phosphorus [31]P MRS spectrum from example voxels on the corresponding
mid-axial slice. B) Representative mid-axial slice indicating the location of [31]P MRS
acquisition with voxel locations 1–6 corresponding to spectral output. C)
Representative [31]P MRS spectrum indicating labeled phosphorus containing peaks, modeled
fit and residual. All spectra are displayed with 15 Hz exponential filtering for display.
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Figure 2.
Polysomnogram sleep measures recorded for baseline, recovery1, and recovery2 sleep nights
in control and methadone maintained participants. A) Slow Wave Sleep (SWS)-participants
exhibited a reliable increase in SWS during recovery1 sleep compared to baseline sleep B)
Sleep Onset Latency (SOL)- participants exhibited a marked decrease SOL during recovery1
sleep compared to baseline sleep C) Rapid Eye Movement (REM) Sleep- participants exhibited
a reliable increase in REM during recovery1 sleep compared to baseline sleep. All values are
represented as mean ± SEM with an alpha of p<0.05. * denotes significantly different than
baseline sleep data.
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Figure 3.
A) Total sleep time (TST)- measures recorded for baseline, recovery1, and recovery2 sleep
nights in control and methadone-maintained participants. B) Total sleep time (TST)-secondary
analysis of methadone treatment duration for baseline, recovery1, and recovery2 for control,
short-term methadone-maintained, and long-term methadone-maintained participants. All
values are represented as mean ± SEM with an alpha of p<0.05. * denotes significantly different
from control participant data.
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Figure 4.
A) Wake after sleep onset (WASO)- measures recorded for baseline, recovery1, and recovery2
sleep nights in control and methadone-maintained participants. B) Wake after sleep onset
(WASO)- secondary analysis of methadone treatment duration for baseline, recovery1, and
recovery2 for control, short-term methadone-maintained, and long-term methadone-
maintained participants. All values are represented as mean ± SEM with an alpha of p<0.05.
* denotes significantly different from control participant data.
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Figure 5.
A) Sleep efficiency Index (SEI)- measures recorded for baseline, recovery1, and recovery2
sleep nights in control and methadone-maintained participants. B) Sleep efficiency index
(SEI)-secondary analysis of methadone treatment duration for baseline, recovery1, and
recovery2 for control, short-term methadone-maintained, and long-term methadone-
maintained participants. All values are represented as mean ± SEM with an alpha of p<0.05.
* denotes significantly different from control participant data and denotes significantly
different from control and long-term MM participant data.
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Figure 6.
Spectral power analysis (SPA) of polysomnogram sleep measures for baseline, recovery1, and
recovery2 sleep nights in control and methadone maintained participants. A) Delta (0.5–4Hz)
B) Theta (4–8Hz) C) Alpha (8–12Hz). All values are represented as mean ± SEM with an alpha
of p<0.05. * denotes significantly different than control participant SPA data.

Trksak et al. Page 27

Drug Alcohol Depend. Author manuscript; available in PMC 2011 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Global brain phosphorus [31]P MRS measurements recorded the mornings following baseline,
sleep deprivation (Sleep Dep), recovery1, and recovery2 sleep nights. A) Brain beta-NTP
across study nights in all participants. B) beta-NTP- in control and methadone-maintained
subjects C) total-NTP- in control and methadone-maintained subjects. Values are represented
as mean ± SEM with an alpha of p<0.05. *denotes significant difference between beta-NTP
levels following recovery1 when compared to baseline. * denotes significantly different than
controls subjects.
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