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Abstract

Background—The K-complex (KC) is a brain potential characteristic of non-rapid eye 

movement (NREM) sleep resulting from the synchronous activity of a large population of neurons 

and hypothesized to reflect brain integrity. KC amplitude is lower in individuals with Alcohol Use 

Disorder (AUD) compared with age-matched controls but its recovery with short-term abstinence 

has not been studied. Therefore, we investigated whether the KC shows significant recovery over 

the first four months of abstinence in individuals with AUD.

Methods—16 recently abstinent AUD (46.6 ± 9.3 years) and 13 gender and age-matched healthy 

controls (41.6 ± 8.3 years) were studied on three occasions: the Initial session was within 1 month 

of the AUD last drink, then 1 month and 3 months later. Overnight electroencephalogram (EEG) 

was recorded while participants were presented with tones during stage 2 NREM sleep to elicit 

KCs.

Results—At the Initial session, AUD showed significantly lower KC amplitude and incidence 

compared with controls. In the AUD individuals, KC amplitude increased significantly from the 

Initial to the 1 month session. KC incidence showed a marginally significant increase. Neither KC 

amplitude nor incidence changed from the 1 month to the 3 month session. No changes in KC 

amplitude or incidence across sessions were observed in the control group.

Conclusions—Our results demonstrate partial KC recovery during the first two months of 

abstinence. This recovery is consistent with the time course of structural brain recovery in 

abstinent AUD demonstrated by recent neuroimaging results.
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Introduction

Alcohol Use Disorder (AUD) is not only a significant public health problem but also 

debilitating to AUD themselves. Besides the well-known physical and psychological 

problems AUD face (Rehm 2011), they also suffer from persistent sleep difficulties – both 

during the period of dependence and during abstinence (Brower et al. 2001; Arnedt et al. 

2007). Even long into abstinence, AUD have difficulty falling asleep, increased sleep 

fragmentation, reduced slow wave sleep and increased rapid eye movement (REM) sleep 

compared with healthy, age-matched controls. It has been hypothesized that one major 

factor in relapse is self-medication with alcohol to alleviate sleep problems (for 

comprehensive reviews of alcohol’s effects on sleep, see (Brower 2003) and (Colrain et al. 

2014)).

One of the most consistent findings in the sleep electroencephalogram (EEG) of abstinent 

AUD is a lower slow wave delta power (0.3–4Hz range) compared with healthy individuals, 

which has also been shown to predict relapse (Brower 2003). Abstinent AUD also show a 

lower incidence and amplitude of K-complexes (KC) (Colrain et al. 2009 ) – large, slow 

potentials characteristic of stage 2 non-rapid eye movement (NREM) sleep, thought to be 

single instances of a delta frequency wave (Colrain 2005). While KCs occur spontaneously, 

they can also be evoked using external stimuli. In experimental settings, this is typically 

done by playing a short auditory tone, although other stimuli can also be used (e.g. airway 

occlusions) (Gora et al. 1999). The KC waveform consists of three easily identifiable 

components – the P200, the N550 and the P900. The N550 (a negative going deflection 

peaking approximately 550ms following stimulus presentation) is the most prominent 

component whose amplitude can reach over 100μV and is largest over frontal electrode 

sites. The exact functional role of the KC is still unknown. It is thought to be a forerunner of 

slow waves (De Gennaro et al. 2000) and there is evidence to suggest that it reflects a 

process that protects sleep from disruption (Nicholas et al. 2002; Czisch et al. 2009). More 

recent evidence suggests that KCs limit normal cortical processing of external stimuli by 

inducing a widespread “down-state” (i.e. a period of reduced firing) of cortical neurons 

(Cash et al. 2009; Laurino et al. 2014; Mak-McCully et al. 2014). While much less is known 

about the P200 component than the N550 (Crowley et al. 2004), recent research suggests it 

may be related to KC generation (Laurino et al. 2014).

Aging and AUD appear to have parallel effects on both the KC and brain structural integrity, 

leading to the hypothesis that N550 amplitude is related to quality of brain integrity (Colrain 

et al. 2010). Both KC incidence and N550 amplitude are reduced with age (Crowley et al. 

2002; Colrain et al. 2010) and in abstinent AUD (Nicholas et al. 2002; Colrain et al. 2009). 

Evidence from a regression analysis of 42 abstinent AUD and 42 healthy age-matched 

controls over a wide age range suggests the effects of long-term AUD on N550 amplitude 

are, on average, equivalent to an extra 23 years of aging (Colrain et al. 2009). Brain 

structure is also compromised in both aging (Resnick et al. 2003; Sullivan et al. 2007) and 

AUD populations (Pfefferbaum et al. 1988; Chanraud et al. 2007) with the frontal cortex 

being particularly susceptible (Abernathy et al. 2010). Consistent with this hypothesis, in a 

cross-sectional study of 40 AUD and 40 healthy controls (Colrain et al. 2011) we previously 
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demonstrated that cortical grey matter volume significantly predicted N550 amplitude at all 

seven electrode recording sites. AUD diagnosis improved N550 amplitude prediction, but 

only at frontal electrode sites, consistent with alcohol’s predominant effects at frontal brain 

regions.

After long-term abstinence (at least eight months), several studies have shown recovery in 

brain structure and metabolic function (Johnson-Greene et al. 1997; Cardenas et al. 2007; 

Alhassoon et al. 2012). However, a number of studies have also demonstrated that recovery 

starts within the first weeks of abstinence. (Pfefferbaum et al. 1995) demonstrated both an 

increase in anterior grey matter volume and a decrease in posterior sulcal and lateral 

ventricle volume (indicating an increase in brain volume) after only 21 days of abstinence. 

(Gazdzinski et al. 2005) showed similar results of increased tissue volume and decreased 

sulcal and ventricle size after one month of abstinence; in addition, they also noted that 

while abstinent AUD continued to gain brain volume over the next 6–12 months, the rate of 

gain was much slower than that observed in the first month. (Bartsch et al. 2007) also 

reported both increased tissue volume and an increase in frontomedial N-acetylaspartate 

(NAA) following 6–7 weeks of abstinence. NAA is an amino acid present at high 

concentrations in the CNS and while its functions remain something of a mystery, it is 

thought to be involved in both neuronal energy production and axonal myelination by 

oligodendrocytes. Both these functions are consistent with the hypothesis that brain volume 

increase with abstinence is at least partly due to dendritic re-arborization and glial recovery 

(Harper et al. 1990).. A more recent study by (van Eijk et al. 2013) demonstrated decreased 

cerebro-spinal fluid (CSF) volume and increased grey matter volume (but no change in 

white matter volume) following just two weeks of abstinence.

We have previously investigated evoked KC recovery during sleep in 15 abstinent AUD 

over the course of a year (Colrain et al. 2012). The results demonstrated recovery of N550 

and P900 amplitudes at anterior scalp sites, although there was no evidence of change in the 

P200 component. However, the initial measurements were taken after several months (2–14) 

of abstinence. Given the evidence of early recovery in brain structure, we designed the 

current study to investigate short term KC recovery in AUD during the first few months of 

abstinence. We predicted that KC incidence and frontal N550 amplitude would be smaller in 

abstinent AUD than control participants and that AUD would show significant recovery 

between the Initial and 1 month sessions with further recovery from the 1 month to 3 month 

session.

Materials and Methods

Participants

Seventeen recently abstinent and detoxified AUD and thirteen healthy controls, matched for 

age and sex, participated in this study. AUD were recruited from local residential treatment 

centers and controls from the local community. Exclusion criteria were: current use of 

psychoactive medication, severe current or past medical or psychiatric disorder, head injury 

with associated loss of consciousness for more than 30 minutes, alcohol withdrawal 

symptoms (for the AUD individuals) and clinically significant sleep apnea. All participants 

completed a structured alcohol history (Pfefferbaum et al. 1988) and the structured clinical 
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interview for DSM-IV-TR for Axis I DSM IV disorders(First et al. 1994). All AUD met the 

DSM-IV-TR criteria for alcohol dependence for at least three years. Eleven had no other 

drug dependency apart from nicotine (n=5). Of the remaining six AUD, three met criteria for 

amphetamine dependence, one for both cannabis and amphetamine dependence, one for both 

cannabis and opioid dependence and one for both cannabis and cocaine dependence. Control 

participants did not meet the criteria for any Axis I psychopathology. Three AUD relapsed 

between the Initial and 1 month follow-up session and a further five relapsed between the 1 

month and 3 month follow-up sessions. Two control participants missed their 1 month 

follow-up session and one participant withdrew from the study following the 1 month 

follow-up session. Two night’s data were lost due to technical problems – the Initial session 

for one AUD patient and the 1 month follow-up session for one control participant. 

Participant numbers, demographic details and alcohol consumption history are shown in 

Table 1.

The study was approved by the Institutional Review Board at SRI International. All 

participants gave informed consent prior to the study and were compensated for their 

participation.

Procedure

The experiment was conducted at the Human Sleep Laboratory at SRI International. Prior to 

the Initial experimental session, participants underwent a clinical polysomnography (PSG) 

night to screen for major sleep disorders and to acclimatize participants to the sleep lab 

environment. For AUD individuals, the Initial session was conducted within one month of 

their last drink (17.12±6.75 days). Follow-up sessions were conducted 1 month and 3 

months subsequently, using identical procedures. Inter-session intervals for control 

participants were the same duration as for AUD individuals. The mean duration between the 

Initial session and 1 month follow-up for AUD was 30.31±7.54 days, and 35.55±14.50 days 

for controls; between the 1 month follow-up and 3 month follow-up it was 54.75±6.18 days 

for AUD and 62.70±13.00 days for controls. A breath alcohol concentration test (S75 Pro, 

BACtrack Breathalyzers, San Francisco, CA, USA) confirmed none of the participants had 

consumed alcohol (Breath Alcohol Concentration = 0.0%) prior to testing. Sleep on the 

nights prior to study was not controlled or monitored.

When participants had completed 30 minutes of stable NREM sleep, tones were presented 

binaurally using Compumedics NeuroScan Stim software (Compumedics Ltd, Abbotsford, 

Victoria, Australia) though E-A-RTONE 3A insert earphones (3M Auditory Systems, 

Indianapolis, IN, USA). The tones were of 1000Hz frequency, presented at 80dB for 50ms 

(2ms rise and fall time) with a random inter-stimulus interval of 15–30s as per our standard 

laboratory practice (Colrain et al. 1999; Colrain et al. 2012). All participants knew they were 

going to be presented with tones during the night, reported normal hearing and confirmed 

they could hear the tones before they went to sleep. Presentation of the tones was controlled 

automatically, monitored by a sleep technician throughout the night. If the participants 

showed signs of arousal or transitioned to REM sleep, the sleep technician paused the 

presentation of the tones until at least 10 minutes of stable NREM sleep had occurred.
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PSG/EEG recording

The polysomnogram (PSG) recording consisted of nine electroencephalogram (EEG) 

electrodes (Fp1, FP2, Fz, FCz, Cz, CPz, Pz, O1 and O2), two electrooculogram (EOG) 

electrodes (placed one centimeter outside and below the outer canthus of each eye) and two 

submental chin electromyogram (EMG) electrodes. Data were recorded at 1000Hz using 

Compumedics NeuroScan Synamps amplifiers. Thirty second epochs were classified 

according to standard criteria into wake, N1, N2, N3 and REM stages (Iber et al. 2007).

EEG analysis

The EEG was analyzed offline using the EEGLAB (Delorme et al. 2004) and ERPLAB 

(Lopez-Calderon et al. 2014) toolboxes for MATLAB (MathWorks, Natick, MA, USA). 

EEG was re-referenced to the average mastoid and filtered at 0.3–30Hz using a 4th order 

Butterworth filter. Epochs 500ms before to 2000ms after tone presentation were extracted 

and baseline corrected to the 500ms pre-stimulus period. Epochs of N2 sleep containing a 

KC elicited by the tone were identified by visual inspection of the Fz and Cz channels 

according to our standard laboratory procedure (Crowley et al. 2002; Colrain et al. 2009) 

and blind to group membership. For a KC to be considered stimulus-related, its negative 

peak had to occur 400–900ms following tone presentation; because differences in KC 

amplitude were predicted, no amplitude criterion was used in identifying KCs. Epochs 

showing significant artefactual activity were removed from any further analysis. KC 

incidence was calculated as the proportion of artefact-free epochs containing a tone-related 

KC. Trials on which a KC was present (KC+ trials) were averaged to create a mean KC 

waveform for each participant. N550 amplitude was calculated as the mean of the 11ms 

around the maximum negative peak 400–900ms following tone presentation (i.e. the average 

of the maximum plus five data points either side). P200 amplitude was calculated using the 

same technique around the maximum positive peak 100–400ms following tone presentation.

Statistical analysis

In order to test differences between AUD and control groups, independent sample t-tests 

were conducted on data collected at the Initial session. Due to the different subject numbers 

at each session, paired t-tests were used to assess any changes within participant groups 

between the Initial and 1 month follow-up sessions, and between the 1 month and the 3 

month follow-up sessions. Because we made a priori predictions of increased KC incidence 

and N550 amplitude across sessions in AUD individuals, a one-tailed test was used. The 

Benjamini-Hochberg procedure was applied to control for false discovery rate and corrected 

p-values are reported. To explore possible differences in KC amplitude recovery across 

electrode sites within the AUD group, we used separate repeated measures ANOVAs with 

electrode and session as within-subject factors to test for differences between the Initial and 

1 month sessions, and between the 1 month and 3 month sessions. To ensure anterior-

posterior scalp coverage, electrodes Fp1, FCz, CPz and O1 were used in the repeated 

measures ANOVAs. Results were similar when the analysis included just electrodes Fz, Cz 

and Pz, or all nine electrodes. The Greenhouse-Geisser correction was applied to correct for 

violations of sphericity. Finally, exploratory analyses were conducted to compare 
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differences between groups in N550 amplitude and KC incidence at each time point, using 

independent t-tests.

Results

K-complex Incidence

The numbers of tones presented in N2 sleep did not differ between groups or nights 

(Alcoholics: Baseline 219±71; 1 month 211±80; 3 month 181±83; Controls: baseline 

200±30; 1 month 236±70; 3 months 192±76). Figure 1 shows KC incidence for AUD and 

control participants at each session (for all participants available at each session). Within the 

group of 13 AUD who completed both Initial and 1-month follow-up sessions, there was a 

trend for increased KC incidence (Initial session: 41.92±17.31%; 1 month session: 

50.41±18.87%; t(12) = −2.13, p = 0.055). There was no difference in KC incidence between 

the 1 month (53.62±21.35%) and 3 month (52.41±17.92%) follow-up sessions (N = 9, p = 

0.80). For the control participants, there were no differences in KC incidence between the 

Initial and 1 month sessions (N = 10, p = 0.41) or between the 1 month and 3 month sessions 

(N = 9, p = 0.31). KC incidence at the Initial session was significantly lower in AUD 

(45.36±17.69%) compared with controls (70.45±13.15%; t(27) = 4.24, p < 0.001). There was 

a trend for the difference between AUD (52.19±19.31%) and controls (64.54±15.02%) to 

persist at 1 month (t(22) = 1.69, p = 0.053). At 3 months, KC incidence was again 

significantly lower in AUD (52.41±17.91%) compared with controls (65.54±15.91%; t(19) = 

1.78, p = 0.046).

N550 Amplitude

Because the N550 is typically largest over frontal brain regions, we tested amplitude 

differences at electrode Fz.

Within the group of AUD who returned for a 1 month follow-up session, N550 amplitude at 

Fz increased from the Initial (−47.03±15.67μV) to the 1 month follow-up session 

(−56.88±22.04μV; t(12) = 2.91, p = 0.013). There was no significant difference in N550 

amplitude between the 1 month (−56.06±20.00μV) and 3 month (−60.26±22.49μV; t(8) = 

1.38, p = 0.21) follow-up sessions in AUD (Figure 2, dark lines). There were no changes in 

N550 amplitude in the control group between the Initial and 1 month sessions (n = 10, p = 

0.36) or between the 1 month and 3 month sessions (n = 9, p = 0.90; Figure 2, light lines).

At the Initial session, the amplitude of the N550 generated by AUD at Fz (−50.68±22.19μV) 

was significantly smaller than that generated by controls (−87.76±25.65μV; t(27) = −4.17, p 

< 0.001). Differences persisted at 1 month (AUD: −59.62±23.52μV; control: 

−94.32±32.08μV; t(22) = −3.06, p = 0.003) and at three months (AUD: −60.26±22.49μV; 

control: −83.66±28.33μV; t(19) = −2.04, p = 0.028).

Figure 3 shows N550 amplitude for AUD across all nine electrode sites at each session (for 

all participants available at each session). These results show the typical pattern of reduction 

in N550 amplitude from anterior to posterior electrode sites. The repeated measures 

ANOVA comparing recovery in N550 amplitude in AUD at electrodes Fp1, FCz, CPz and 

O1 from the Initial to 1-month follow up session revealed significant main effects for 
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Electrode (F(3.36) = 60.40, p < 0.001), Session (F(1,12) = 8.06, p = 0.015) but no Electrode x 

Session interaction (p = 0.068). This suggests there was a similar increase in amplitude from 

the Initial to the 1 month follow-up session across all electrode sites. The comparison of 

N550 amplitude between the 1 month and 3 month follow-up sessions again showed a main 

effect for Electrode (F(3,24) = 39.96, p < 0.001), but no effect for Session (p = 0.47). 

However, there was a Session x Electrode interaction (F(3.24) = 5.98, p = 0.019), reflecting a 

decrease in N550 amplitude at posterior electrode sites. Post hoc paired sample t-tests 

revealed that there was a significant decrease in N550 amplitude at O1 in the AUD group 

between the 1 month and 3 month follow-up sessions (t (8) = −2.46, p = 0.039, two-tailed) 

but not at the other electrode locations (all p values > 0.15).

P200 Amplitude

We tested P200 amplitude differences at electrode Cz, because its amplitude is largest at 

central sites. As with the N550 amplitude, P200 amplitude was significantly greater in 

controls than AUD at the Initial session (Control: 35.78±13.12μV; AUD: 21.25±9.74μV; 

t(27) = 3.42, p = 0.002). However, there were no significant changes in P200 amplitude 

across sessions in either the AUD or the control group (all p values > 0.5).

Discussion

The data demonstrated partial KC recovery within the first two months of sobriety in AUD – 

there was a substantial and statistically significant increase in N550 amplitude from the 

Initial to the 1 month follow-up session (approximately 10μV or 20%) and a marginally 

significant increase in KC incidence over the same period. Consistent with previous studies 

(Nicholas et al. 2002; Colrain et al. 2009; Colrain et al. 2012), our results provide evidence 

that KC incidence and N550 amplitude is reduced in abstinent AUD compared with matched 

controls.

Using a similar experimental protocol, (Colrain et al. 2012) reported an increase in 

amplitude of approximately 12μV (approximately 42%) after 12 months of abstinence 

following initial assessment. While these results are similar to the ones reported here, there 

are several reasons why it is difficult to directly compare the two data sets. There are 

differences in participants’ age, years of alcohol dependence, total volume of alcohol 

consumed, and length of sobriety at the first visit. The AUD in the present study are, on 

average, around 10 years younger and have 14 fewer years of alcohol dependence than those 

reported in (Colrain et al. 2012). Despite these differences, the present participants reported 

a higher lifetime volume of alcohol consumed (1436 ± 1268kg) than those in (Colrain et al. 

2012) (1283 ± 814kg), which can be explained by the exclusive recruitment from inpatient 

rehabilitation centers in the present study. This nonetheless highlights an important 

interaction between age and alcoholism. Despite the higher volume of alcohol consumed, 

the present AUD had substantially larger N550 components than the older AUD reported in 

(Colrain et al. 2012) and (Colrain et al. 2009), consistent with the strong effect of age on 

N550 amplitude (Colrain et al. 2010) and the lack of an effect of volume of alcohol 

consumed on N550 amplitude in (Colrain et al. 2009). Finally, while the present experiment 

was designed to study AUD at the Initial session within the first month of abstinence, the 
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AUD in (Colrain et al. 2012) had been sober for a variable duration, ranging between 2–14 

months, at the initial visit. Therefore, much of the recovery observed in the present study at 

the 1 month follow-up may already have already occurred before the baseline assessment in 

(Colrain et al. 2012). Nevertheless, the implication of these two studies is that there is rapid 

KC recovery within the first two months of abstinence followed by an extended period of 

slower recovery. The results of the exploratory t-tests comparing the two groups at each time 

point need to be interpreted with caution given the small numbers of subjects and the 

variable numbers in each group at 1 month and 3 months relative to baseline. Nonetheless, 

they highlight that despite some beneficial effects of abstinence, AUD do not fully recover, 

within the period studied, to levels seen in age-matched controls.

The time course of KC recovery demonstrated here appears similar to that of brain structural 

recovery reported by others (Pfefferbaum et al. 1995; Gazdzinski et al. 2005; Bartsch et al. 

2007; van Eijk et al. 2013). One particularly striking parallel is that between the results of 

this study and those of (Gazdzinski et al. 2005), who demonstrated rapid increase in brain 

tissue volume in the first month of abstinence, followed by continued, but slower recovery 

over the following 6–12 months. Given the dependence of KC amplitude on the 

synchronous activity of a large population of healthy neurons, it is likely that brain structural 

recovery underlies, at least in part, the increase in KC amplitude that we observed.

One feature of brain recovery studies in humans is they primarily investigate changes in 

gross brain volume with abstinence, which are thought to reflect neural re-arborization and 

glial recovery (Harper et al. 1990). However, in addition to these morphological changes, 

alcohol also has many effects at the synaptic and neurotransmitter levels. GABA is an 

inhibitory neurotransmitter thought to be involved in EEG delta generation (Steriade et al. 

1993) and in animal models of AUD the GABAA receptor subtype shows both pre-synaptic 

and post-synaptic down-regulation (Lovinger et al. 2013). Alcohol also inhibits the 

excitatory glutamatergic neurotransmitter system, with sustained alcohol use leading to up-

regulation of glutamatergic activity (Lovinger et al. 2013) including metabotropic glutamate 

receptors, which have also been implicated in delta generation (Hughes et al. 2002). 

Prolonged exposure also results in down-regulation of adenosine receptors (Sharma et al. 

2010) which alter the neuromodulatory effects of adenosine on multiple neurotransmitter 

systems (Dohrman et al. 1997 ; Nam et al. 2012; Sharma et al. 2014). Abstinence from 

alcohol in AUD individuals, therefore, leads to an immediate imbalance in these 

neurotransmitter systems which is, in part, responsible for many of the acute withdrawal 

symptoms. The increase in KC amplitude seen between the Initial and 1 month sessions may 

therefore reflect recovery in neurochemical systems in addition to structural recovery. 

Unfortunately, animal model data showing the time course of recovery of neurotransmitter 

systems following cessation of alcohol administration are currently lacking. Given that the 

risk of seizure activity passes within days (Foy et al. 1997), it is possible that GABAergic 

and glutamatergic systems recover very quickly. However, at least in the case of adenosine, 

other manipulations (such as sleep deprivation) have been shown to have effects, including 

increased sensitivity to acute alcohol, that last for several weeks (Clasadonte et al. 2014).

While this study investigated an event-related potential (ERP) during sleep, others have 

investigated recovery of task-related ERPs during wakefulness in abstinent AUD 
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individuals. Results have generally been inconsistent; for example, (Fein et al. 2004) 

reported no difference in the mismatch negativity in long-term abstinent AUD individuals, 

whereas (Ji et al. 1999) demonstrated electrophysiological differences in a category 

matching task in short-term abstinent AUD individuals. However, results of experiments 

investigating the P3 component sound a cautionary note in interpreting findings from studies 

of recovering AUD individuals. Early research showed decreased P3 amplitude in AUD 

(Porjesz et al. 1981) which later studies showed was preserved in abstinence (Emmerson et 

al. 1987; Porjesz et al. 1987). However, further research revealed that the P3 is reduced in 

non-alcoholic relatives of AUD individuals, suggesting a common genetic trait that may 

result in a reduction in P3 amplitude in AUD prior to drinking (Begleiter et al. 1984) These 

studies highlight the need for both careful interpretation of experimental results and for well-

designed prospective longitudinal studies to investigate genetic predispositions that can 

manifest as ERP differences. Similarly, in our experiment, we cannot rule out the possibility 

that KC incidence and N550 amplitude are lower in AUD than controls prior to drinking. 

However, our finding of partial recovery with abstinence suggests heavy alcohol 

consumption or alcohol dependence has a damaging effect, even if some premorbid deficits 

are present.

An unanticipated finding in this study was the pattern of recovery across electrode sites. The 

increase in N550 amplitude found by (Colrain et al. 2012) was observed only at frontal and 

fronto-central electrode sites. While a similar pattern of results was seen in this experiment 

at the 3 month follow-up session, at the 1 month session, N550 amplitude appeared larger at 

all electrode sites. This finding suggests that there may be a non-specific acute recovery 

across all brain regions early in abstinence that then develops into recovery of more 

functionally specific networks. This explanation is highly speculative and further research 

needs to be conducted to investigate the exact topography of KC recovery.

In addition to the results concerning the N550, we also showed a smaller P200 amplitude in 

the AUD group than the controls that showed no change with recovery. (Crowley et al. 

2004)Laurino et al. (2014) have recently suggested that the P200 may be related to sensory 

stimulus processing that activates a frontally-mediated KC generation process(Laurino et al. 

2014). While (Mak-McCully et al. 2014) suggest that the KC need not be generated in the 

frontal regions, they do propose a cortico-thalamic mechanism involving frontal pyramidal 

cortical cells that project widely to reticular nucleus neurons which results in widespread 

cortical inactivity. While we might tentatively interpret our results as a reflection of 

diminished sensory processing and KC generation in the AUD group, much more research is 

needed to investigate the P200 component and its involvement in KC initiation.

Our results should be interpreted within the context of the study limitations. A major 

problem in any longitudinal study involving AUD is participant recruitment and retention, as 

a significant proportion of recovering AUD relapse (Brower 2003). While the AUD in this 

study showed a typical relapse rate, recruitment of a larger number would have been 

beneficial. Because of low participant numbers and high relapse rate, we did not have a 

sufficient sample size to conduct further analyses, such as whether KC recovery predicted 

relapse. Another difficult issue surrounding alcoholism is that AUD frequently suffer from a 

variety of comorbidities. While the recruitment procedures screened out participants with 
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major psychological or neurological dysfunction, a number of our participants were 

comorbid for other substance. As yet, nothing is known about the effects of addiction to 

other substances on the KC; further studies are needed to investigate this. However, in spite 

of these limitations, we were able to show clear recovery in N550 amplitude within the first 

two months of abstinence.

In conclusion, our results are consistent with previous research showing impairments in KC 

generation in AUD which improves with abstinence; and extends it by clearly showing 

substantial and significant KC recovery early in abstinence.
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Figure 1. 
KC incidence in AUD and Control participants over the three sessions. All available 

subjects for each session are plotted - the number of subjects contributing to the overall 

mean is shown in parentheses below the bar. Error bars represent the standard error of the 

mean.
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Figure 2. 
Overall KC+ waveforms at electrode Fz for AUD (dark) and Control participants (light) 

over the Initial (solid line), 1 month (long dashed line) and 3 month (short dashed line) 

follow-up sessions. All available subjects for each session are plotted - the number of 

subjects contributing to the overall mean is shown in parentheses in the legend. The tone 

was presented at 0ms and negative values are plotted up.
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Figure 3. 
N550 amplitude for AUD across all the electrode sites for the Initial (dark), 1 month 

(medium) and 3 month (light) follow-up sessions. All available subjects for each session are 

plotted - the number of subjects contributing to the overall mean is shown in parentheses 

below the bar. Error bars represent the standard error of the mean.
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Table 1

Participant numbers, demographic details and alcohol consumption history for AUD and control participants. 

Where shown, means and standard deviations (in parentheses) reflect the values for participants at the Initial 

session. P-values are derived from independent samples t-tests of Initial session values.

Controls AUD p-value

Number
Initial: 13

1 month: 10
3 month: 12

Initial: 17
1 month: 14
3 month: 9

-

Sex F: 6
M: 7

F: 7
M: 10 -

Age (years) 46.62 (9.29) 41.59 (8.25) p = 0.13

Education (years) 17.14 (2.14) 12.41 (1.80) p < 0.001

Ethnicity

Caucasian: 9
African-American: 1

Hispanic: 1
Asian: 2

Caucasian: 12
African-American: 2

Hispanic: 3
Asian: 0

-

Body Mass Index (kg/m2) 24.45 (3.30) 26.16 (3.33) p = 0.16

Time since last drink (days) - 17.12 (6.75) -

Length of alcohol dependence (years) - 15.41 (8.73) -

Estimated Lifetime Alcohol Consumption (kg) 49.57 (112.55) 1436.12 (1268.14) p < 0.001
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