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Abstract
The primary objective was to compare the evoked K-complex response to salient versus non-
salient auditory stimuli in combat-exposed Vietnam veterans with and without Post-Traumatic
Stress Disorder (PTSD). Three categories of auditory stimuli (standard 1000Hz tones, trauma-
related combat sounds, and affectively neutral environmental sounds) were presented during stage
2 sleep utilizing an oddball paradigm with probabilities of occurrence of 60%, 20% and 20%
respectively. Twenty-four combat-exposed Vietnam veterans, 14 with PTSD and 10 without
PTSD were studied in a sleep laboratory at the National Center for PTSD in Menlo Park, CA.
While significantly fewer K-complexes overall were elicited in patients, there were no differences
in the proportion of K-complexes elicited by tones and combat stimuli within either group.
Patients produced significantly more K-complexes to neutral stimuli than to tone or combat
stimuli. Examination of the N550 component of the evoked K-complex revealed significantly
longer latencies in the patient group. Across the entire sample, N550 latencies were longer for
combat stimuli relative to tone neutral stimuli. There were no group or stimulus category
differences for N550 amplitude. The results suggest that salient information, as defined by trauma-
related combat sounds, did not preferentially elicit K-complexes in either the PTSD group or the
control group, suggesting that K-complexes function to protect sleep more than to endogenously
process meaningful stimuli.
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1. Introduction
It is not yet clear to what extent the salience of a stimulus can be detected during sleep. The
ability to evaluate the external environment while asleep, to enable waking if a predator or
some other danger were detected, would be adaptive in an evolutionary sense. Animal
studies demonstrate that during sleep the ability to process environmental information is
diminished, although not absent, due to sensory gating at the thalamus (Coenen and
Drinkenburg, 2002; Steriade et al., 1993). To assess the sleeping brain’s ability to respond to
salient information, evoked K-complex responses to combat sounds were measured in a
sample of combat-exposed Vietnam veterans with and without Post-Traumatic Stress
Disorder (PTSD).

PTSD is an anxiety disorder characterized by symptoms of re-experiencing, avoidance, and
hyperarousal that arise and persist for more than one month after exposure to a traumatic
event, defined as experiencing or witnessing of a real or perceived threat of death or injury
to one’s self or others, and associated with intense feelings of fear, horror, or hopelessness
(American Psychiatric Association2000). Sleep disturbances are a core feature of PTSD
(Ross et al., 1989), and sleep-specific mechanisms may contribute to the pathophysiology of
the disorder (Germain et al., 2008). Given the role of sleep in emotional mnemonic
processes (Born; Stickgold and Walker, 2007; Walker and Stickgold, 2006), it is possible
that sleep disruption impact information processing during sleep. Studying evoked K-
complexes during sleep in PTSD may provide novel insights into the nature of underlying
abnormal information processing that characterize PTSD (Weber, 2008).

The role of stimulus characteristics in eliciting K-complexes during sleep is contentious
(Colrain, 2005). However, Oswald and colleagues’ (1960) widely cited paper that observed
more K-complexes evoked to participant’s own name versus another name has led many to
believe that stimulus salience plays an important role in K-complex production. The
associated assumption is that the K-complex can in some way be seen as a reflection of
information processing during sleep. The K-complex is an unusual EEG phenomenon, in
that it can both occur spontaneously and be evoked by a variety of different types of stimuli,
most readily by sounds (Davis et al., 1939; Roth et al., 1956) and inspiratory occlusions
(Webster and Colrain, 1998). As with any other evoked EEG response, evoked K-complexes
are embedded within the ongoing EEG signal. While their large size relative to the
background makes them easily seen in stage 2, they are more difficult to observe in slow
wave sleep. Even within stage 2, ongoing EEG activity unrelated to the stimulus can add to
or subtract from the K-complex (depending on its phase). This is one of the reasons
responsible for their extremely variable morphology (Da Rosa et al., 1991; Halász et al.,
1985; Ujszàszi and Halász, 1986, 1988).

Bastien and Campbell (1992) proposed the use of signal averaging to extract the pure K-
complex response from the unrelated EEG activity in the background, a technique
commonly employed when recording averaged event-related potentials (ERP). This
technique assumes the evoked K-complex response to be temporally invariant with respect
to the stimulus, whereas unrelated EEG activity, randomly distributed relative to the
stimulus, will tend to average to zero. Research using this averaged evoked K-complex
technique has led to the conclusion that the K-complex is largely responsible for the N550
component of the non-REM sleep evoked response, with the N550 being prominent in K-
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complex averages (KC+) and dramatically reduced or absent in the averages of responses
not containing a K-complex (KC-) (Afifi et al., 2003b; Bastien and Campbell, 1992, 1994;
Colrain et al., 1999; Cote et al., 1999; Crowley et al., 2005; Crowley et al., 2002a; Crowley
et al., 2002b; Gora et al., 2001; Harsh et al., 1994; Nicholas et al., 2002a; Nicholas et al.,
2002b; Nicholas et al., 2006; Niiyama et al., 1994; Niiyama et al., 1995). Comparing the
evoked K-complex response to relevant versus non-relevant stimuli is one method to test
whether the K-complex is in fact a marker of information processing during sleep.

In 1960, Oswald and colleagues (1960) found that more K-complexes were evoked by the
subject’s own name than by subject’s name backward or other names. In another paper a
few years later, Beh and Barrett (1965) reported that K-complexes were produced 60% of
the time to a subject’s own name but only 15% of the time when another name was
presented. They also found evidence that previously conditioned stimuli (during prior
wakefulness) produced more K-complexes than unconditioned stimuli. The study by
McDonald and colleagues (1975) only partially replicated these results. They reported more
K-complexes evoked by conditioned than unconditioned stimuli; however, K-complexes
were produced only 52% of the time to subjects’ own names versus 60% of the time to other
names and 38% of the time to tones. Voss and Harsh (1998) recently reported an own name
effect, however, a 200 μV criterion was used for K-complex identification, and the overall
proportions reported were very small (< 15% in all conditions). In two studies, Perrin and
colleagues (2000; 1999) reported no effect of own name versus other name on K-complex
elicitation or on N550 amplitude. There was, however, an enhancement of what they
referred to as an N2-P3 component earlier in the waveform. Finally, Pratt and colleagues
(1999) reported no differences in the waveforms for own names, other words, or clicks.

Rare or deviant auditory tones identified as “target” stimuli during wakefulness produce
more K-complexes during subsequent sleep, and the amplitude of the KC+ N550 component
is typically reported as being larger than standard stimuli (Colrain et al., 1999; Niiyama et
al., 1995). Colrain and colleagues (2000a) however, indicated that this most likely reflects a
stimulus probability effect rather than some residual recognition of “target” status during
sleep, by showing similar levels of K-complex production and KC+ N550 amplitudes for
target and non-target stimuli presented at the same probability level (0.2).

The data relating to the ability of the K-complex to be differentially produced to “relevant”
or “salient” stimuli during sleep are therefore ambiguous. In order to address the issue in a
different manner, the present paper sought to study responses to trauma-related combat
sounds versus non trauma-related neutral sounds in a sample of Vietnam veterans with
chronic PTSD, and a control group of combat-exposed Vietnam veterans without PTSD.
Individuals with PTSD have been shown to be hyperreactive to traumatic cues during wake,
even when those cues are presented outside of awareness (i.e., subliminally processed; for
review, see Buckley et al., 2000; McNally, 1995, 1998). By presenting such triggers during
sleep, the salience of trauma-based stimuli in this population provides an ideal test of the
hypothesis that personally meaningful stimuli preferentially evoke K-complexes.

2. Materials and Methods
2.1 Participants

Data were collected from 24 male Vietnam veterans (mean age = 54 years, range = 48 to
59). All participants had combat experience during their military service (i.e., they were
trauma-exposed). Of this sample, 14 participants had current diagnosis of chronic PTSD
(patients) and 10 participants (combat controls) were free from psychiatric disorders. An
additional patient was withdrawn from the study during the night by the experimenter
because he would awaken to every stimulus presented while he was sleeping.
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Patients were recruited from a residential treatment program for PTSD run by the National
Center for PTSD located at the Palo Alto VA Health Care System, Menlo Park Division. As
is common in PTSD populations (Brady et al., 2000; McMillen et al., 2002), there was a
large degree of psychiatric comorbidity in the PTSD sample. In particular, depression,
alcohol, and other substance abuse were prevalent among the patients. Patients were free
from alcohol and substance use/abuse for at least five months prior to their participation in
the study. All patients had a history of depression, 10 had a history of alcohol abuse or
dependence, 9 had a history of other substance abuse or dependence, and 6 had a history of
an anxiety disorder other than PTSD. Controls without current psychiatric disorders and no
lifetime diagnosis of PTSD were recruited from the community, and their psychiatric status
was confirmed with the Clinician-Administered PTSD Scale (CAPS; Blake et al., 1995) and
the Structured Clinical Interview for DSM-IV Axis I Diagnoses (First, 1997). See Table 1
for a listing of participant characteristics.

2.2 Procedure
Participants arrived at the sleep laboratory between 7:30 pm and 9:30 pm. Auditory
thresholds for each ear were assessed using 1000 Hz and 4000 Hz pure tones using an
Beltone Audio Scout Audiometer (Beltone Electronics Corporation, Glenview, IL) in a
standardized manner, using the same insert earphones used during the overnight sleep
recordings. E-A-RTONE 3A (Aero Corporation, Indianapolis, IN) insert earphones (i.e.,
placed into the ear canal) were used. Group differences in 1000 Hz and 4000 Hz auditory
thresholds between the patient and control group were not significant. Next, physiological
sensors were attached. Afterward, participants were free to go to bed when feeling sleepy,
which was usually right away. Auditory stimulus presentation commenced once participants
achieved at least 15 minutes of consolidated stage 2 sleep. The Stanford University Medical
School/Veterans Affairs Palo Alto Administrative Panel for Human Subjects in Medical
Research approved the study, and all participants provided informed consent.

2.3 Stimuli
Three types of stimuli were presented to participants during stage 2 sleep: pure tones,
combat-related sounds, and environmental sounds. All stimuli were 500 ms in duration and
were normalized to be equally loud (73 dB on average) and to have equivalently fast rise
times (20 ms), with the exception of tone stimuli, which had faster rise times (5 ms). The
stimuli consisted of a 1000 Hz pure tone; the 5 acoustically complex combat sounds
consisted of gunshots and explosions; and the 5 acoustically complex non-combat (i.e.,
neutral) sounds consisted of a crow’s call, telephone ring, piano note, bell, and trumpet note.
The stimuli were presented in an oddball paradigm with a randomized inter-stimulus interval
(ISI) of 15 to 30 seconds, as the probability of K-complex production has been shown to be
maximized at this ISI (Bastien and Campbell, 1994). Tones were most frequent, occurring
60% of the time, while neutral and combat stimuli each occurred 20% of the time. A random
order for stimulus presentation was generated, and this same list was used for all
participants. Typically, stimuli used in studies investigating the evoked K-complex are brief
(i.e., 50 ms) with fast rise times. Stimuli were longer than typically used (i.e., 500 ms),
because we wanted to be able to compare recognizable combat sounds to other more neutral
sounds and tone stimuli. To investigate whether the long duration of the stimuli evoked K-
complexes later than usually seen, ‘late’ K-complexes were also scored using an evoked
window of 1000 to 1400 ms post-stimulus. There were far fewer late evoked K-complexes
(only about 10% of trials), and no apparent differences between the groups; as a result, these
data were not further analyzed. Upon detection of a movement arousal, stage 1 sleep, REM
sleep or wakefulness, the presentation of stimuli was halted. Stimulus presentation was
resumed once a participant achieved at least five minutes of uninterrupted stage 2 sleep. The
few stimuli that were erroneously presented during any other stage of sleep were discarded.

Franzen et al. Page 4

Int J Psychophysiol. Author manuscript; available in PMC 2013 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Stimuli were presented intermittently throughout the entire night of recording. The total
number of stimuli presented to each subject was dependent on their sleep quality and
continuity. The mean (standard deviation) number of stimuli presented was 233 (139) for
control participants and 243 (103) for patient participants, t=2.07, p=0.85. No participants
had an adverse reaction, such as a panic attack or complaint of distress, to any of the stimuli
presented during sleep. As stated earlier, stimuli presentations were stopped during the night
for one patient participant because he would awaken to every stimulus presented. Another
patient woke in the night with significant anxiety, an apparent nocturnal panic attack, but
this occurred at a time in which stimuli were not being presented; he was able to return to
sleep and complete the experiment.

2.4 Psychophysiological Measures
Electroencephalogram (EEG) activity was measured at F7, F8, F3, F4, Cz, P3, and P4, each
referenced to linked ear lobes, A1 + A2 (bandpass filtered 0.1-100 Hz). One
electrooculogram (EOG) channel was measured with two bipolar electrodes placed near
upper right eye and lower left eye (bandpass filtered 0.1-100 Hz). Chin electromyogram
(EMG) activity for sleep stage scoring was recorded using a bipolar reference from among
three electrodes attached over the mentalis/submentalis muscles (bandpass filtered 30-300
Hz). Electrocardiogram (ECG) was measured using bipolar leads placed near the right
collarbone and lower left rib rage (bandpass filtered 0.1-30 Hz). Blood oxygen levels were
measured using an oximeter placed on the index finger to ensure participants were not
having significant oxygen desaturations, and was not digitized.

2.5 Recording Apparatus, Data Acquisition, and Data
Reduction Gold cup electrodes were used to collect EEG, EOG, and EMG signals. EEG
electrodes were affixed to the scalp with either Grass 10-20 paste or tape (for those sites in
which hair was not present) following abrasion. Impedances were measured to ensure they
were below 5 kOhms. ECG was collected with disposable electrodes.

Auditory stimuli contained a pulse presented via the second channel of the stereo sound
generator. The pulse was sent to a data channel when each stimulus was presented to
participants; pulses were later used to extract responses to stimuli from the continuous
recording for signal averaging. Signals were amplified using analog amplifiers (Grass-
Telefactor, Warwick, RI), and then digitized at sampling rate of 400 Hz. Calibrations were
conducted at the beginning of each subject’s recording; these were used to correct the data
amplitudes prior to data processing. Continuous sleep data were down-sampled to 200 Hz to
facilitate storage. Thirty second per stimulus epochs were extracted, beginning 20 seconds
prior to each stimulus onset. Data collection and reduction software was written with
VisualBasic (Microsoft Corporation, Redmond, WA) and Matlab software (Mathworks,
Inc., Natick, MA), respectively, by one of the authors (S.H.W.).

2.6 Psychophysiological Variables
Evoked K-complex identification and trial averaging—The extracted epochs were
evaluated as single trials for the presence/absence of a K-complex. K-complex scoring was
done blind to the participant’s PTSD status and order of stimulus presentation. K-complexes
were identified in frontal recording leads (i.e., F3 and F4) using the standard Rechtschaffen
and Kales (1968) criteria.

To be considered an evoked K-complex, the peak of the negative component also had to
satisfy the following additional criteria: the amplitude of the negative peak had to occur
between 400 and 1000 ms from stimulus onset and had to have an amplitude of at least -75
μV or greater as per the convention in the majority of evoked K-complex studies (Colrain,
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2005). The evoked window in the present study is longer than typical due in part to the long
stimulus duration in the present study, as well as the older age of our participants; older
individuals have been shown to have both longer N550 latencies and smaller N550
amplitudes (Crowley et al., 2002a). Responses in which a movement arousal, delta burst, or
other artifact occurred immediately before or coincident with a stimulus presentation were
rejected and not used in the averaging procedure. All responses that were to be included in
the averaging process were classified into two response types on the basis of visual
inspection of each epoch: those responses that contained K-complexes (KC+) and those
which did not (KC-). Grouped responses were averaged relative to stimulus type (tone,
neutral, and trauma) for each subject. These produced average evoked potential files for
each of the response types.

Amplitude and latency of the signal-averaged N550 component was determined by
identifying the most negative value (amplitude) that occurred between 400 ms and 1000 ms
on the averaged KC+ files. N550 was measured by averaging F3 and F4 to approximate Fz,
as this is where the N550 component has previously been shown to be maximal (Afifi et al.,
2003a; Colrain et al., 2010; Colrain et al., 2009; Colrain et al., in press; Colrain et al., 1999;
Cote et al., 1999; Crowley et al., 2005; Crowley et al., 2002a; Gora et al., 1999, 2001;
McCormick et al., 1997; Nicholas et al., 2006; Niiyama et al., 1995).

2.7 Statistical Analysis
Analyses were conducted using SPSS 16.0 (SPSS, Inc., Chicago, IL). The data were tested
for normality of distribution, and analyses of variance (ANOVAs) were used to compare
differences between patient and control groups on K-complex proportion, amplitude, and
latency in response to the three types of auditory stimuli (tone, neutral, and combat).
Greenhouse-Geiser corrections were applied where appropriate, however, original degrees
of freedom are reported. Effects were considered significant with an alpha level of .05.
Simple effects ANOVAs and post-hoc t-tests were used to assess differences within
significant interactions for comparisons of interest.

3 Results
3.1 Probability of K-complex Elicitation

A 2 × 3 (Group X Stimulus Type) repeated measures ANOVA of proportion of K-complex
elicitation revealed a significant interaction between Group and Stimulus Type
F(2,44)=3.97, p=0.026 (see Figure 1), as well as significant main effects of group,
F(1,22)=17.54, p=0.0004 and stimulus type, F(2,44)=4.51, p=0.017. Controls had
significantly more evoked K-complexes than patients, on average 55% vs. 35%. There were
no differences in rate of K-complex production between the tone and combat stimuli for the
patient group (t=-0.63, p=0.538) or the control group (t =0.13, p=0.898), or across any of the
other stimuli types in the control group (i.e., between neutral and tone or combat, p=0.966
and p=0.893 respectively). Post-hoc paired sample t-tests demonstrated that within the
patient group, K-complex elicitation rate was significantly higher for neutral stimuli than for
tone (t=-5.18, p<0.001) or combat stimuli (t=3.94, p=0.002); both results survive Bonferonni
correction. Post-hoc independent sample t-test demonstrated no difference between the
controls and patients on K-complex elicitation rate for neutral stimuli (t=1.32, p=0.201).

3.2 Evoked K-complex: N550 Amplitude and Latency
Two factor (Group X Stimulus Type) repeated measures ANOVA revealed no significant
effects of group, stimulus type, or their interaction for N550 amplitude. For N550 latency,
the repeated measures ANOVA revealed a significant effect of group (F(1,22)=4.323, p<0 .
05), with the patients having later N550 responses. There was also a main effect of stimulus
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type (F(2,44)=3.730, p<0.05), with longer N550 latencies to combat sounds compared to
neutral sounds; the difference between combat and tone, and neutral and tone were not
significant. The interaction of stimulus type with group displayed a trend for significance
(p=0.100) (see figure 2).

4. Discussion
Oswald and colleague’s (1960) hypothesis that K-complexes are more likely to be evoked
by salient stimuli was not supported. Neither PTSD patients nor combat-exposed controls
demonstrated within group differences between combat sounds and pure tones in the
elicitation of K-complexes. That is, there was no difference in K-complex production for the
most stringent comparison: information-rich, highly salient stimuli (combat) versus
essentially information-free, meaningless stimuli (pure tones). Results from the present
study also highlight the all-or-nothing nature of the K-complex (Bastien and Campbell,
1992). When they were elicited, the N550 of the averaged K-complexes tended to be the
same size (i.e., amplitude), regardless of stimulus type or subject group. Later evoked K-
complexes (i.e., those later than 1000 ms) were rare in both the PTSD and control groups. If
indeed the evoked K-complexes reflected some form of information processing to the
different stimuli during sleep, then the processing time necessary to evaluate the content of
the relatively long 500 ms stimuli by the sleeping brain should have been expressed as later
evoked K-complexes occurring later than 1000 ms, however, this was not the case.

Unexpectedly, while patients generally exhibited fewer evoked K-complexes than did the
controls, they were essentially equivalent in their responses to neutral stimuli. Although the
neutral condition was originally added to the study design to control for sound complexity
and probability of occurrence, in hindsight, it is possible that the neutral sounds were
actually more complex and more subjectively rare than the combat stimuli. Condition-wise,
neutral and combat stimuli had the same likelihood of occurring (20% each). The neutral
stimuli, however, came from different ontological categories. It is therefore possible that the
increased response rate to neutral stimuli observed in the PTSD group was a novelty effect
(i.e., each neutral stimulus was more rare than the similarly sounding combat stimuli). In
this context, it could be argued that the patients were showing the often-reported stimulus
probability effect where K-complexes are more likely to rare than to common stimuli
(Colrain et al., 2000a; Colrain et al., 1999; Colrain et al., 2000b; Niiyama et al., 1995;
Sallinen et al., 1994).

This argument has to be modified by two other data points. First, the differential response of
the PTSD group to neutral stimuli was not found in the controls. However, it is possible that
this is due to ceiling effect obscuring detectable differences in their responses to the three
types of stimuli in the control group. The age regression for K-Complex probability reported
in Colrain et al. (2010) would predict a probability of ~0.58 for the control group in the
present study, and Colrain et al. (2009) reported a probability of 0.55 in male control
subjects with a similar mean age. Second, there is no overall probability effect of less
elicitation to tones compared to combat sounds in the patient group or tones compared to
stimuli of either rare category in the controls. It is therefore possible that the patients may
have been hyper-responsive to either the novelty or rarity of the neutral sounds despite there
being no stimulus salience effect.

Alternatively, the observed findings may relate to previous reports of heightened awakening
threshold from slow-wave sleep in patients with PTSD relative to control subjects (Dagan et
al., 1991; Lavie et al., 1998). These findings were interpreted as indicative of increased sleep
depth in patients with PTSD. Combined with the present findings, it is possible that the
chronic sleep disruption that characterizes PTSD (Kobayashi et al., 2007) is indeed
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associated with heightened homeostatic sleep drive, and attenuated monitoring or detection
of external stimuli. Additionally, the observation that PTSD subjects were more responsive
to novel, neutral stimuli than tones or combat sounds may reflect intact processing of
external incoming information during sleep in PTSD. Therefore, the co-existence of an
elevated homeostatic drive (attributable to chronic sleep disruption) and heightened
information processing of internal relative to external stimuli provides a plausible
explanation to reconcile the previous and current observations. Further studies are required
to evaluate and provide differential information processing mechanisms that may contribute
to or be affected by PTSD, or more broadly, by trauma exposure. Of note, the present
findings during sleep are consistent with studies that have reported attentional problems and
altered central information processing during wakefulness in patients with PTSD
accompanied by deficits in discerning irrelevant information (Felmingham et al., 2002;
Metzger et al., 1997; Shucard et al., 2008), and abnormal neutral (Weber, 2008) and novel
(Kimble et al., 2000) stimulus processing in PTSD.

Study findings are limited in part by a relatively small sample size, particularly in the
control sample. Even though the sample size was small, the PTSD subjects definitely did not
show a stimulus saliency effect. The combat stimuli were significantly less likely to elicit K-
complexes than neutral stimuli and the difference between combat stimuli and tones was
only a small proportion of the difference between combat and neutral stimuli. The present
findings are further complicated by a number of factors common to research with psychiatric
populations, such as comorbid diagnoses, extensive substance abuse histories, and use of
psychotropic medications in the PTSD sample. More homogeneous PTSD samples (e.g.,
veterans with a current diagnosis of PTSD without substance abuse problems or depressive
disorders) are difficult to obtain and may be less clinically relevant. The use of other control
samples would have been useful in the design of the present study and merit consideration in
future studies, such as age-matched groups of (a) trauma naive individuals, (b) individuals
matched for alcohol use/abuse-matched but free from PTSD, and (c) psychopathology
comparison groups, such as individuals with depression and/or anxiety.

The issue of alcohol abuse is particularly relevant given the findings of altered K-complex
production in those with a history of alcohol dependence (Colrain et al., 2009; Nicholas et
al., 2002a). These studies show a reduction in K-complex production in those with alcohol
dependence but also a marked reduction in N550 amplitude, thought to be due in part to a
loss of cortical gray matter (Colrain et al., 2011). The confound in the present data set
between alcohol dependence and PTSD diagnosis does not explain the observed data, as
there is no difference between the groups in N550 amplitude and no difference in K-
complex production to the neutral stimuli.

The use of a recently traumatized sample would have provided an ideal comparison of acute
versus chronic PTSD. For example, a stimulus salience effect might not be found in chronic
PTSD patients who have had years of experience using compensatory mechanisms that
might dampen or even eliminate that effect. Lastly, we did not assess whether the combat
sounds used in this study were individually meaningful for each of the participants, and we
did not assess subjective response to the neutral sounds. Future studies could examine
whether the salience of sounds differ subject by subject, and to what impact, if any, this has
on the evoked K-complex response.

In conclusion, this study did not support the findings of Oswald et al. (1960), Beh and
Barrett (1965), or Voss and Harsh (1998) that salient stimuli produce more K-complexes in
trauma-exposed military veterans with and without PTSD. Rather it is consistent with the
studies of McDonald et al. (1975), Pratt et al. (1999) and Perrin et al. (2000; 1999) who
failed to find such an effect in healthy subjects. The differential responses to subjectively
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diverse neutral stimuli in the PTSD sample, however, serve to temper a conclusion that
stimulus “meaning” is irrelevant to K-complex generation. It may be that the PTSD group is
hyper-reactive to any type of stimulus that is detected as being different or novel (e.g., that
they are particularly sensitive to monitoring the environment for potential threat cues, which
similarly occurs in the wake state; Kolb, 1987), while not processing the stimulus to such an
extent where judgments of content (e.g., personal relevance) can be made. We conclude that
the findings are suggestive of and consistent with theories that propose that K-complexes
function to protect sleep more than to endogenously process meaningful stimuli in trauma-
exposed military veterans. As outlined in recent studies of evoked K-complexes (Colrain et
al., 2010; Colrain et al., 2008), it is more likely that the evoked K-complex is produced via
activation of frontal cortex via a non-thalamic pathway, and reflects a modality independent
sleep protective mechanism, utilizing a similar burst firing of cortical cells to that underlying
delta generation in slow wave sleep (Colrain, 2005).
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PTSD Post-traumatic stress disorder

ANOVA Analysis of Variance

KC+ trials that contained a K-Complex
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Highlights

We examined K-complexes evoked to tone, combat, and neutral auditory stimuli.
Overall, fewer K-complexes were evoked in the PTSD group.

However, responses to combat sounds and tones did not differ within either group.

Thus, salient information did not preferentially elicit K-complexes in either group.
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Figure 1.
K-complex proportions (mean and standard errors) to the three stimulus categories in
patients and controls.
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Figure 2.
N550 latencies (mean and standard errors) averaged between F3 and F4 in the KC+
averaged evoked responses to the three different stimulus types in patients and controls.

Franzen et al. Page 15

Int J Psychophysiol. Author manuscript; available in PMC 2013 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Franzen et al. Page 16

Ta
bl

e 
1

Pa
rt

ic
ip

an
t c

ha
ra

ct
er

is
tic

s.

P
T

SD
C

on
tr

ol

M
ea

n
(S

D
)

M
ea

n
(S

D
)

P
os

si
bl

e 
ra

ng
e

A
ge

 (
ye

ar
s)

52
.8

(2
.6

)
56

.1
(2

.2
)

B
D

I 
sc

or
e

26
.5

(1
0.

7)
3.

4
(3

.1
)

0 
– 

63

C
E

S 
sc

or
e

27
.5

(6
.6

)
27

.0
(6

.4
)

0 
– 

35

C
A

PS
 to

ta
l s

co
re

59
.5

(1
5.

5)
6.

0
(5

.3
)

0 
– 

13
6

SD
 =

 s
ta

nd
ar

d 
de

vi
at

io
n

B
D

I 
=

 B
ec

k 
D

ep
re

ss
io

n 
In

ve
nt

or
y

C
E

S 
=

 C
om

ba
t E

xp
os

ur
e 

Sc
al

e

C
A

PS
 =

 C
lin

ic
ia

n-
A

dm
in

is
te

re
d 

PT
SD

 S
ca

le

Int J Psychophysiol. Author manuscript; available in PMC 2013 March 28.


