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Abstract

Background—K-complexes (KC) are evoked delta frequency EEG responses during sleep that
occur when large numbers of healthy cortical cells burst fire in a synchronized manner. KC
amplitude and incidence are sensitive measures of normal healthy brain aging. Given the known
neurodegenerative consequences of alcohol abuse it was hypothesized that alcoholism would be
associated with further KC amplitude and incidence reductions.

Methods—84 subjects (42 alcoholics) screened for medical, psychiatric and sleep problems,
participated. The protocol involved the presentation of auditory stimuli during stage 2 sleep
throughout a night in the laboratory. KCs were identified and averaged, to enable measurement of
the P2, N550, and P900 peaks.

Results—Compared with controls, alcoholic men and women had lower KC incidence (p < .001)
and P2 (P <.001), N550 (p < .05) and P900 (p < .05) amplitudes. There was a significant
diagnosis by site interaction (p < .001) indicating the group difference was largest at frontal sites.
Longer sobriety correlated with increased N550 amplitude (p < .01).

Conclusions—KC incidence and amplitude were negatively impacted in alcoholic men and
women with exacerbation of the normal aging effects, particularly over frontal scalp regions. The
observed relationship between improvements in KC measures and increased time of abstinence
suggests that these measures may provide a useful marker of brain recovery with continued
abstinence from alcohol.
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Introduction

Acute and chronic alcohol consumption cause sleep disturbances (1) which in alcoholics
may persist even after abstinence. The most consistently reported finding in detoxified
uncomplicated alcoholism is a reduction in slow wave sleep (SWS) (2), defined by the
presence of delta EEG activity with amplitude greater than 75 microvolts (3).. Alcoholism
also disrupts functional aspects of SWS with reduced SWS rebound following recovery
from sleep deprivation (4) and reduced SWS has been shown to be a predictor of relapse (5).

The expression of the high amplitude delta EEG that defines SWS requires the synchronized
burst firing of large numbers of healthy neurons (6). The reduction in SWS and in delta
power seen in alcoholics (7) and in animal models of alcoholism (8) may provide a
functional measure of the neuronal loss produced by alcohol abuse seen in post mortem
pathology (9; 10) and in the reduced gray matter volumes from in vivo magnetic resonance
imaging (MRI) studies (11)(12).

K-complexes (KCs) are high-voltage delta frequency EEG events seen in hon-Rapid Eye
Movement (NREM) sleep that occur spontaneously and can be evoked by external stimuli
without awakening the subject (13). First reported by Loomis et al. (14), they are defined as
“EEG waveforms having a well delineated negative sharp wave which is immediately
followed by a positive component. The total duration of the complex should exceed 0.5 sec.
(3). The 0.5 second minimum duration corresponds to a frequency of 2Hz or less, and thus
KCs are delta frequency waveforms, produced by the same generator mechanisms as those
responsible for SWS delta EEG activity (15).

When evoked KCs are averaged, the resulting event related potential (ERP) waveform
contains a series of components (16), with the most prominent being P2, N550 and P900. P2
is the positive deflection at the start of the KC, N550 represents the negative KC peak and
P900, the terminating positive peak, or repolarization (17). It has been argued (18; 19) that
averaging provides a cleaner estimate of the “true” KC response than individual KC events,
which occur randomly with respect to other ongoing EEG phenomena. Thus, assessment of
components in the averaged KC ERP may provide a more reliable experimental method to
measure the ability of the sleeping brain to develop delta activity than that provided by
observational measures of spontaneous SWS.

In adults, the scalp distribution of the KC ERP N550 shows a bilaterally symmetrical,
distribution, with the amplitude typically maximal at Fz and then reducing systematically as
electrodes are placed at more posterior locations (17; 20; 21). Similar scalp distributions
have been reported for spontaneous KCs (22) and SWS delta activity (23). The frontal
distribution supports positron emission tomography (PET) (24) and high density EEG array
(25) studies, implying a role for frontal cortex in the generation of delta activity during
sleep. Given the differential sensitivity of frontal cortical regions to alcoholism-related gray
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matter volume reduction (26), (26), study of frontally-dominant KCs is of clear relevance to
the study of alcoholism.

The pattern of SWS change seen in alcoholism reflects an acceleration of the impact of
normal aging on SWS (27; 28) and other measures of delta activity during sleep (29; 30).
The incidence of spontaneous KCs (31) or evoked KCs (31; 32) and KC ERP N550
amplitude (31; 32) are all reduced in older subjects, and N550 amplitude shows a highly
significant linear reduction across the adult lifespan, with linear regression equations
accounting for approximately 60% of the age-related variance. The slope of the relationship
is steepest at Fz, with progressive flattening of the slope of the regression function at more
posterior sites (33).

In the only study to date of KCs in alcoholism (34), we reported data from seven alcoholic
men and eight age-matched control men. The alcoholics had significantly reduced N550
amplitudes at a frontal scalp site (Fz) and a lower rate of KC elicitation than controls. There
were a number of limitations with that paper, including the lack of an adaptation night to the
laboratory and the absence of polysomnographic screening of subjects for sleep disorders.
The small numbers did not provide sufficient statistical power to permit an analysis of the
N550 across the multiple scalp sites and thus could not inform the question as to whether the
impact of alcoholism on this sleep delta EEG measure shows any regional specificity. The
exclusive use of male subjects obviously prohibited any evaluation of possible sex
differences in the response.

The present study is designed to test the hypothesis that recently detoxified, chronic
alcoholic men and women have smaller KC ERP N550 amplitudes, and lower evoked KC
incidence rates compared to sex- and age-matched controls; and that the alcoholic-control
differences will be greater over frontal scalp regions when compared to more posterior scalp
sites.

Potential participants underwent medical and psychiatric screening that included a structured
alcohol history (35) and structured clinical interview (SCID) (36). All alcoholic participants
and none of the controls met DSM — IV criteria for alcohol dependence. Twenty five
potential participants were excluded because they exhibited evidence of another DSM - IV
Axis | disorder or other substance abuse or dependence. However, a past history of
depression was allowed (seven alcoholics and one control subject). Thirty nine subjects who
passed the SCID were excluded due to reasons such as deafness or were lost to contact. One
hundred and five subjects underwent a screening polysomnogram (PSG), and 21 were
excluded due to the presence of a clinically significant sleep disorder (obstructive sleep
apnea or periodic leg movements). Eighty four subjects then completed the study, 42
abstinent long-term alcoholics (27 men) and 42 controls (19 men).
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Auditory stimuli consisted of 1000Hz pure tones presented for 50ms (2ms rise time) at 80
dB(A). These stimuli are optimal for KC elicitation (18). The tones were presented
binaurally via E-A-RTONE 3A insert earphones, with a random inter stimulus interval of
between 15 and 30 seconds. A minimum of 200 stimuli were presented in stable stage 2
sleep across a night in the laboratory. When subjects entered SWS or REM sleep or the EEG
showed signs of arousal or motor artifact, stimulus presentation was paused. Data were not
collected during REM due to the absence of KCs from this sleep stage. SWS was avoided
due to the low proportions of SWS typically seen with normal aging and in alcoholism.
Sleep staging was verified after data collection according to standard criteria (3). In subjects
over the age of 65 years hearing was verified using an audiometer to be within 15dB 1SO at
1000Hz (a 20 dB decrease in stimulus intensity has no impact on N550 amplitude (18)). All
subjects were tested during wakefulness to ensure that they could hear the tones that would
be presented to them during sleep.

EEG data collection

EEG and evoked potential data were recorded from 7 scalp sites adapted from the
international 10/20 system (FP1, FP2, Fz, FCz, Cz, CPz, Pz), using Grass gold-plated 10mm
electrodes. Two channels of electro-oculogram (EOG) and a submental electromyogram
(EMG) were also recorded. All EEG channels were referenced to linked earlobes. Raw data
were acquired with a sampling rate of 1kHz using Neuroscan Synamps® amplifiers and
stored for offline analysis using Neuroscan Scan ™ software. Signals were continuously
displayed in real-time and filtered optimally for visual recognition of sleep stages (3) (30sec
per page, EEG & EOG: band pass filter, 0.3 — 30Hz; EMG: band pass filter, 10 — 100Hz.).
Raw EEG data were epoched time-locked to tone stimuli, and corrected for baseline
differences across the pre-stimulus period.

Evoked KCs were defined using a modification of the standard (3) criteria, using data from
Cz and Fz, with the additional parameter that the negative peak of the KC had to occur
between 400 and 900 ms after the tone. No amplitude criterion was used. Epochs containing
movement artifacts observed in EOG or EMG channels were discarded. All KC responses
within stage 2 sleep were then averaged for each subject to produce an averaged KC evoked
potential at all sites. The proportion of stimuli producing a KC was recorded as the KC
incidence value for each subject.

Component identification was achieved using Scan ™ software. The P2 component was
defined as the most positive peak between 100 and 300ms post stimulus, the N550 as the
most negative value between 400 and 900ms post stimulus and the P900 as the most positive
peak between 800 and 1200ms post stimulus. Amplitudes were then determined relative to
the average of the pre-stimulus baseline. All peaks were determined within all electrode
sites.

Statistical Analysis

Data are shown as mean (SD). Univariate ANOVAs with age as a covariate were used to
investigate changes in KC incidence and demographic and alcohol use data according to
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diagnosis and sex. Where data did not meet parametric assumptions they were compared
using appropriate non-parametric tests. Amplitude and latency of each peak component was
subjected to a mixed model ANOVA, with diagnosis and sex as between-group factors,
electrode site as a repeated measures, and age as a covariate. When the assumption of
sphericity was violated, degrees of freedom were adjusted using the Greenhouse-Geisser
correction, but original degrees of freedom are reported. Relationships between KC
variables at Fz with age and alcohol consumption variables were explored with Pearson's
Correlation.

Subject Characteristics

Characteristics of alcoholics and controls are presented in Table 1. There were no significant
effects of alcoholism diagnosis or sex on age, BMI, Dementia rating Scale (DRS) ratings or
Mini Mental State Examination (MMSE). There was a trend for the alcoholics to be sleepier
as measured by the Epworth Sleepiness Scale (ESS) [F(1,80) = 3.66, p = .06]. As expected,
estimated lifetime alcohol consumption was significantly higher in alcoholics than in
controls [ F(1,80) = 99.59, p <.001] and significantly higher in men than in women [F(1,80)
=11.06, p < .01] with the sex difference more pronounced in the alcoholics [F(1,80) = 7.83,
p < .01]. Alcoholic women had significantly longer sobriety (271 + 200 days) before testing
than alcoholic men (131 £ 146 days); Mann-Whitney test [Z=-2.475, p = .013], and there
was a trend for the duration of alcoholism to be longer in the alcoholic men (28 £ 27 years)
than in the alcoholic women (14 + 21years) [Z=-1.804, p = .07].

KC incidence

The probability of eliciting a KC was 0.62 (0.20) in control women, 0.54 (0.19) in control
men, 0.46 (0.20) in alcoholic women, and 0.35 (0.16) in alcoholic men. Alcoholics were
significantly less likely to produce KCs than controls [F(1,42) = 7.89, p <.01] no significant
sex or age effects and no significant interactions.

Evoked Potential Components

P2

Grand mean evoked potentials for alcoholic and controls at all electrode sites are presented
in Figure 1.

P2 amplitude and latency values are presented in Table 2. There was a significant effect of
diagnosis [F(1,77) = 28.39, p < .001] for P2 amplitude, which was smaller in alcoholics than
controls. There was a significant effect of electrode site [F(6,462) = 14.01, p < .001] with P2
amplitude being largest at Cz and becoming smaller progressively at more anterior and
posterior sites. There was a significant diagnosis by site interaction [F(6,462) = 7.04, p <.
01] with the group difference being largest at Cz and diminishing with distance from Cz.
There was a significant effect of diagnosis [F(1,77) = 5.46, p < .05 ] for P2 latency, which
was longer in alcoholics than controls. Women tended to have a shorter P2 latency than men
[F(1,77) = 3.84, p = .054]. There was no significant effect of electrode site and none of the
interaction effects approached significance.
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N550 amplitude and latency values are presented in Table 3. There was a significant effect
of diagnosis [F(1,77) = 12.83, p < .001] for N550 amplitude, which was smaller in
alcoholics than controls. There was a significant effect of sex [F(1,77) = 4.76, p < .05] with
the men having smaller N550 amplitudes, but there was no diagnosis by sex interaction.
There was a significant effect of electrode site [F(6,462) = 8.55, p <.01] with the amplitude
being largest at Fz and becoming smaller progressively at more posterior sites and at lateral
sites, FP1 and FP2. There was a significant diagnosis by site interaction [F(6,462) = 16.05, p
<.001] indicating the group difference was present at frontal sites but not at more posterior
locations (Figure 1). The age covariate effect was significant [F(1,77) = 26.01, p < .001],
with amplitude decreasing with age. N550 latency displayed no significant main effects or
interactions, other than the age covariate effect [F(1,77) = 18.52, p < .001], with latency
increasing with age.

P900 amplitude and latency values are presented in Table 4. There was a significant effect
of diagnosis [F(1,77) = 8.22, p < .01] for P900 amplitude, which was smaller in alcoholics
than controls. There was a significant effect of electrode site [F(6,462) = 5.87, p < .01] with
amplitude being largest at Fz and becoming smaller progressively at more posterior sites and
at FP1 and FP2. There was a significant diagnosis by site interaction [F(6,462) = 13.91,p <.
001] indicating the group difference was present at frontal sites and not at more posterior
locations. There was a trend for an effect of sex [F(1,77) = 3.50, p = .065) with women
tending to have larger P900 amplitudes. The age covariate effect was significant [F(1,77) =
13.43, p <.001], with amplitude decreasing with age. No other interactions in the ANOVA
model approached significance. There was a significant effect of electrode site [F(6,462) =
4.43, p <.05] for P900 latency, which was longer at FP sites. There were no other
significant main effects or interactions.

Relationships between age, alcohol consumption variables and KC variables

In control subjects, increasing age was significantly correlated with a reduced KC incidence
(r=-.277, p = .038), and reduced N550 (r = .551, p < .001) and P900 (r = -.360, p = .010)
amplitudes. There were no significant correlations with estimated total alcohol consumption
or days since last alcoholic drink.

In alcohoalics, increasing age was significantly correlated with reduced KC incidence (r = -.
305, p =.025), and reduced N550 (r = .369, p = .008) and P900 (r = -.404, p = .004)
amplitudes. Estimated total alcohol consumption was not significantly correlated with any
variables however there was a trend for a decrease in N550 amplitude with more alcohol
consumed (r = .224, p = .077). Longer sobriety correlated with increased N550 (r = -.44, p
=.002) and P900 Fz (r = .369, p = .008) amplitudes, and a trend for more KCs to be elicited
(r=.222, p =.079). After controlling for age and estimated total alcohol consumption, the
correlations increase to r = =0.541, p < 0.001 for N550 amplitude, r = 0.475, p = 0.001 for
P900 amplitude and r = 0.282, p < 0.05 for KC incidence.
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Alcoholism effects as an indicator of accelerated aging

Figure 2 displays the normal aging regression relationship for N550 amplitude at Fz from
(33), plotted with the regression lines representing one and two standard deviations below
the observed relationship. Data from alcoholics in the present study are placed on the figure
showing that most of the alcoholics are at least one standard deviation below where they
should be based on the normal aging data. Application of the regression equation from our
previous study (33) to the alcoholic's data reveals that their N550 amplitudes predict ages
that are 23.0 £10.35 years older than true chronological age.

Discussion

Uncomplicated alcoholism has a clear impact on evoked delta frequency responses during
NREM sleep. The general pattern of amplitude reduction of the three major components of
the KC ERP represents an exacerbation of the normal aging effects previously reported
(31-33). The amplitude effects in alcoholics are more pronounced at frontal scalp sites with
reduced differences at posterior locations and are equally present in alcoholic men and
women. The exacerbation of the aging effect is highlighted by the application of the normal
aging regression equation to the alcoholic data indicating that alcoholics have EEG
consistent with them being aged by an additional two decades.

The reduced KC incidence in alcoholics presumably reflects some negative impact(s) of
alcohol abuse on some aspect(s) of the KC triggering process. There may be an effect on the
slow frequency oscillation such that basal forebrain cells are less often in the hyperpolarized
state necessary for burst firing (37), possibly due to alcohol-mediated alterations in T-type
Ca*™* channels (38) or modification of glial cells (39). Alternatively alcohol abuse might
directly impact the basal forebrain cells involved in KC triggering. Many animal studies
have shown that alcohol has neurotoxic effects upon the basal forebrain cholinergic
projections (40-42), and there is substantial evidence of allosteric modification of GABA
receptors following alcohol abuse (43). Studies have shown elevated GABAa.1 receptor
subunit mRNA expression (44) and GABA receptor binding (45) in the frontal cortex of
alcoholics, and both PET (46) and fMRI (47) studies have demonstrated decreased
activation in frontal regions following challenges to the GABAergic system.

In addition to the impact of alcoholism on evoked KC incidence, the present data also show
a marked impact on KC (delta) amplitude. Bastien and Campbell (18) reported that when
stimulus properties are held constant, the KC appears as an “all or none” phenomenon with
little variation in the baseline to peak N550 amplitude in the KC ERP. Thus once triggered,
the burst firing should propagate along the relevant pathways engaging as many neurons as
are available. The impact of alcohol abuse on KC amplitude is, therefore, presumably via a
reduction in available neurons in the target regions of the basal forebrain projecting cells.
Uncomplicated alcoholism has been shown to produce reduced numbers of superior
prefrontal cortex (PFC) neurons as measured in post-mortem cells counts (9; 10; 48; 49) and
to preferentially reduce gray matter volume in PFC as measured with in vivo MRI (26).
There is also evidence of diminished metabolism (50) and perfusion (51) in frontal cortex of
alcoholics. In the present study the alcoholics had significantly smaller N550 amplitudes at
Fz and FP sites but the difference between alcoholics and controls was diminished at FCz,
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and was not present at Cz or more posterior sites. The reduced P2 and P900 amplitudes
provide further evidence of the overall reduction in activation, and the increased P2 latency
may reflect a delay in the start of the KC possibly due to degradation of white matter (52).
P900 demonstrated a very similar pattern of scalp topography to that of N550 in terms of
alcoholic-control differences. These data reinforce the hypothesis of P900 reflecting a
repolarization of tissue following the burst firing associated with KC production that is
manifest in the N550 (17). The frontally predominant alcoholic-control differences in the
ERP data indicate that the KC represents a functional correlate of the post-mortem cell-
count and in vivo MRI data.

A number of sex differences were apparent. Alcoholic women had longer sobriety and a
trend for a shorter duration of abusive drinking, and an overall reduced level of alcohol
consumption. In this sample, women overall had larger N550 amplitudes than men, with no
significant diagnosis by sex interaction for either measure. However, the male-female
differences were smaller in the controls than in the alcoholics and our previously published
larger study of controls showed no sex differences in N550 amplitude (33) The alcoholism
impact on N550 amplitude was substantially greater in men (17.6 pV at Fz) than in women
(10.3 pV at Fz). The lack of a significant sex by diagnosis interaction could be a function of
reduced power for this term in the ANOVA model given the unequal subject numbers
between groups. Certainly, alcoholic women may have less cortical loss relative to that seen
in men (53; 54) (but see (55)) and possibly, unlike alcoholic men, have brain metabolism
levels that are not reduced relative to controls (56). What is clear from the present data is
that regardless of the possible difference in magnitude, women show the same general
pattern of alcoholism-related change in the evoked KC measures.

As reviewed by Sullivan and Pfefferbaum (11) many aspects of alcoholism-related cognitive
and motor decline have been shown to recover with abstinence, although to varying extents
and with variable trajectories. White matter volume has been shown to increase with
abstinence (57; 58) although differences between abstinent and relapsed alcoholics can be
driven largely by the negative changes in the relapsed group rather than or in addition to
improvements in the abstinent group (59). There is less evidence for improvements in gray
matter volume although Pfefferbaum et al. (59) reported a trend for increased gray matter
volume at 30 days of abstinence. In the present data there was a significant relationship
between N550 amplitude and length of sobriety, with longer periods of abstinence being
associated with increased N550 amplitude. This relationship may be a reflection of some
functional recovery in brain tissue however confirmation of this hypothesis would require
longitudinal data collection of MRI and KC measures from the same subjects.

The application of the regression equation for the impact of normal aging on N550
amplitude (33) to the data from alcoholics in the present study reveals a pattern of
accelerated aging in the alcoholic subjects as has previously been shown with SWS (60) and
gray matter volume (26). The lack of an age by diagnosis interaction in the ANOVA model
would argue for alcoholism and aging having additive effects.
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Conclusion

The evoked KC measures previously shown to be a sensitive measure of normal aging
clearly demonstrate reduced delta generation capacity in men and women suffering from
uncomplicated alcoholism. The frontal scalp topography of the alcoholic-control differences
is consistent with both post-mortem and in-vivo brain data measures and thus can be argued,
provide a functional correlate of these anatomical measures. The observed relationship
between improvements in KC measures and increased time of abstinence allows for the
speculation that these measures may also provide a useful marker of brain recovery with
continued abstinence from alcohol.
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Figure 1.
Grand mean evoked potential waveforms for alcoholics (red lines) and controls (black lines)

for the seven measured electrode sites. Data are presented with negative voltages up the Y
axis. The pattern of results indicates that alcoholic-control differences were prominent over
frontal and frontal-polar sites but were diminished at more posterior scalp locations.
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N550 Amplitude at Fz relative to normal aging data.
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Figure 2.
N550 amplitude values measured at Fz for alcoholic subjects (red diamonds) presented with

the normative aging data (gray dots) and linear regression equation (black line) from Colrain
et al. (34) along with regression lines representing 1 SD (dotted black line) and 2 SD (dotted
gray line) below the age-regressed means. All but two of the 42 alcoholics had amplitudes
that were smaller than that predicted for age by the normal-regression line. NOTE: Smaller
negative values indicate reduced N550 amplitudes.
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