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Abstract This paper examines how traumatic brain injury (TBI) affects the coherence of brain rhythms
across different electrode pairs during the sleep—wake cycle. Stronger distinctions are observed for intra-
hemispheric compared to interhemispheric interactions. The direction of change in average coherence fol-
lowing TBI is found to depend on the location of the electrode pair, specifically whether the electrodes were
positioned over anterior or posterior regions of the head. These findings suggest that a coherence-based
approach is useful for monitoring recovery after brain injury.

1 Introduction

Electroencephalography (EEG) is a vital non-invasive tool in neurophysiology, routinely applied for the diagnosis
of a wide spectrum of cerebral conditions [1, 2]. Its clinical utility is well-established in evaluating epilepsy, sleep
architecture disorders, encephalopathies, and cognitive impairments [3—6]. Standard clinical practice involves the
spectral analysis of key brain wave rhythms, with particular emphasis on their amplitude and dynamic interac-
tions, to assess functional brain states and guide treatment decisions [7-9]. The importance of EEG is evident in
the context of traumatic brain injury (TBI) [10-12]. Historically, it was the first ancillary method to objectively
demonstrate post-traumatic cerebral dysfunction [10], often revealing abnormalities even when structural neu-
roimaging appeared normal. Today, continuous EEG monitoring has become an indispensable tool in neurocritical
care, employed not only for the early detection and prediction of post-traumatic epilepsy [13] but also as a valuable
prognostic marker for long-term neurological outcomes and recovery trajectories in TBI patients [14, 15]. However,
emerging evidence suggests that traditional EEG analysis, which primarily focuses on dominant rhythms, may lack
the sensitivity required to fully characterize the complex and dynamic alterations in brain states following TBI
[16]. This limitation underscores the need for more advanced analytical techniques, such as those based on network
approaches, particularly on the application of functional brain network analysis [17-22].

The electroencephalographic manifestations of TBI are highly heterogeneous and depend critically on the severity
of the injury. While EEG-based detection of TBI-related abnormalities holds significant promise as a powerful
neurodiagnostic modality, its current clinical utility remains limited, particularly in cases of mild TBI, which
account for approximately 90% of all TBI cases [23]. To date, no specific or clearly defined EEG signature has been
established for mild TBI, rendering conventional EEG analysis insufficient for reliable detection in this prevalent
patient population [10, 24]. Consequently, the development of sensitive methods for EEG analysis in TBI has
emerged as a challenge in modern medicine. Our preliminary investigations, based on available EEG databases
from TBI patients, have revealed notable alterations in sleep architecture related to daytime recordings. In adult
patients (particularly those in older age groups), a complete sleep cycle encompassing deep sleep stages is rarely
observed. Instead, sleep is typically restricted to the lighter stages N1 and N2. These findings are consistent with
reports from other research groups, who have similarly documented pronounced insomnia and sleep fragmentation
in adults following TBI. Intriguingly, our observations in younger TBI patients revealed a markedly different
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pattern. In contrast to adults, adolescent patients exhibited preserved sleep architecture, including the presence
of all sleep stages and, notably, deep sleep.

This age-dependent discrepancy in sleep continuity following TBI motivated the present study. In this paper,
we therefore focus on investigating the effects of TBI on the coherence of EEG rhythms in adolescents across
different stages of the sleep—wake cycle. Furthermore, we compare these patterns of rhythm coherence with those
observed in age-matched relatively healthy controls, aiming to identify potential biomarkers of TBI-related brain
dysfunction that may be specific to the developing brain. As the primary methodological approach, this study
employs the estimation of averaged coherence [25] across the frequency bands corresponding to the principal EEG
rhythms, encompassing both interhemispheric and intrahemispheric connections. Coherence analysis provides a
robust measure of functional connectivity, quantifying the degree of synchrony between neuronal populations
in different cortical regions. Previous research has demonstrated that traumatic brain injury induces significant
alterations in EEG coherence patterns during cognitive tasks [26].

This paper is organized into four sections. Section 2 describes the experimental setup and the EEG data pro-
cessing techniques. Section 3 presents the results, highlighting differences in brain wave coherence between TBI
patients and healthy controls across different brain regions. Section 4 concludes with a summary of the main
findings.

2 Materials and methods

2.1 Subjects and experimental data

Protocol of experiments was approved by the Local Ethics Committee of the Clinical pediatrician hospital in
Nizhny Novgorod. Written informed consent was obtained from the parents of all participants prior to enrollment.
Demographic and clinical data, including age, sex, injury severity assessed by the Glasgow Coma Scale (GCS), and
functional outcome measured by the Glasgow Outcome Scale Extended (GOS-E), were recorded for all participants.
The inclusion criteria were as follows: (1) moderate TBI, defined as a GCS score of 9-12 on admission and 13-15
by the 10th day of treatment; (2) age between 14 and 18 years; and (3) absence of MRI and/or CT evidence of
parenchymal hemorrhagic foci. The exclusion criteria comprised: (1) age under 14 or over 18 years; (2) concomitant
extracranial injuries (Injury Severity Score > 9); (3) a history of TBI, epilepsy, cerebral palsy, or any other chronic
neurological disorders; (4) mild or severe TBI (GCS < 9 or > 13 on admission); (5) MRI and/or CT signs of
intracranial parenchymal hemorrhage; and (6) absence of electroencephalographic signs of deep sleep [27, 28].

Multichannel EEG recordings were obtained using a Neuron-Spectr. NET system (v. 2.0.27.1, Neurosoft, Russia)
between the 3rd and 5th days after hospital admission. All recordings were performed in a dedicated EEG suite at
the Department of Neurophysiology during daytime hours, with each session lasting 2-3 h and with a preliminary
sleep deprivation. Two groups of participants were included in the analysis: (i) a control group of healthy adolescents
(median age 15.9 years; n = 12) and (ii) a group of adolescents with moderate TBI (median age 16.2 years; n =
12). In all participants, the EEG recordings captured sleep architecture encompassing the lightest stage (N1), light
sleep (N2), and deep sleep (N3). The signals were digitized at a sampling rate of 500 Hz. For subsequent analysis,
artifact-free segments of at least 3 min duration were selected for each sleep stage.

The study employed EEG recordings from electrodes placed at F3, F4, C3, C4, P3, P4, O1, and O2. To assess
intrahemispheric connectivity, functional coupling was analyzed within the left (F3-C3, C3-P3, P3-0O1) and right
(F4-C4, C4-P4, P4-02) hemispheres. Interhemispheric interactions were evaluated through symmetrical fronto-
frontal (F3-F4), centro-central (C3-C4), parieto-parietal (P3-P4), and occipito-occipital (01-02) electrode pairs.

2.2 Coherence analysis

To assess functional connectivity, mean coherence values () were computed for five frequency bands: delta (0.5-4
Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma (12-16 Hz), and beta (16-20 Hz). Coherence estimates were derived
using a standard spectral analysis approach [25], wherein cross-spectral densities were calculated for each pair of
signals from different electrode pairs. The resulting coherence spectra were then averaged across the frequencies
within each band of interest, providing a robust measure of synchronization between neural oscillatory activities
in the respective frequency ranges.

3 Results and discussion

The analysis of average coherence was initially conducted for each rhythm separately, considering intrahemispheric
channels within the left and right hemispheres, as well as interhemispheric connections. Some of the results obtained
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Fig. 1 Typical examples of changes in average coherence (for the delta rhythm) following TBI for several intrahemispheric
interactions: the F3-C3 (a) and F4-C4 (b) electrode pairs, as well as interhemispheric interactions: the F3-F4 (c¢) and
01-02 (d) electrode pairs

for the delta rhythm are shown in Fig. 1. As illustrated in the figure, various patterns of changes in coherence
were observed at TBI across different stages of the sleep—wake cycle, compared to the control group. These include
a pronounced decrease in coherence () throughout all stages (pair F3—-C3, Fig. 1la); a decrease observed only
in certain stages (wakefulness, N1), followed by a slight increase above the control group’s coherence level (pair
F4-C4, Fig. 1b); subtle changes during sleep (pair F3-F4, Fig. 1c¢); and only minor variations across all stages
of the sleep-wake cycle (pair O1-02, Fig. 1d). These findings highlight the diversity of changes in the coherence
dynamics of EEG rhythms across different channel pairs. Similar patterns were observed not only for the delta
rhythm but also for other EEG rhythms. Given the relatively small sample size of the experiments, which may
influence the results and the conclusions of the study, further analysis was performed by averaging across all five
selected rhythms in order to obtain a more objective and generalized view of the observed effects.
Figure 2 presents the results of estimating the quantity
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where i denotes the rhythm index. The estimations were performed separately for each sleep stage and are presented
as mean values + standard error of the mean. In this case, the focus was not on the qualitative nature of coherence
changes (i.e., whether it increased or decreased), but rather on the magnitude of differences between the normal
and pathological conditions. According to the obtained results, the most pronounced changes were observed in
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the left hemisphere (channel pairs F3-C3, P3-01). For these channel pairs, significant differences were found in
every stage of the sleep-wake cycle. Less pronounced differences (significant for two stages of the cycle) were
also observed in channel pairs within the right hemisphere (F4-C4 for stages W and N1; P4-O2 for stages N2
and N3). For other channel pairs, differences may be significant for all or some stages of the sleep—wake cycle;
however, in terms of absolute changes of the measure (1), these differences were less prominent compared to those
mentioned above. Thus, the performed estimates reveal a certain asymmetry—more pronounced changes in the
left hemisphere compared to the right, as well as stronger alterations in intrahemispheric connectivity following
TBI compared to interhemispheric connectivity.

Figure 3 illustrates the results of averaging | A~y | across all sleep stages to confirm the overall pattern of
changes. In descending order of this measure, the channel pairs are ranked as follows: F3—C3 and P3-01 (left
hemisphere), followed by P4-02 and F4-C4 (right hemisphere), and only then the interhemispheric channel pairs
P3-P4, C3—-C4, and O1-02.

It should be noted that the observed changes are not limited to a single specific rhythm; rather, they are
manifested to a greater or lesser extent across all analyzed frequency bands, as summarized in Table 1.

Next, a more detailed analysis is conducted, taking into account the sign of the changes in Ay, estimated as

5
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It should be noted that this approach correlates with Eq. (1) in terms of the absolute values of the computed
measure, provided that the changes in average coherence are consistent across all sleep stages. If, for example,
alternating patterns occur (as shown in Fig. 1b), the computed values will be substantially smaller than in the
first case.

Figure 4 illustrates the changes in average coherence following TBI, taking their signs into account. The most
pronounced changes are again observed in the left-hemisphere channel pairs F3-C3 and P3-O1, but now they
exhibit opposite trends: in the first pair, measure (2) decreases after TBI, while in the second, it increases. A

Table 1 Values of | Ay | computed separately within the frequency band of each EEG rhythm

Channel pair Coherence measure

Delta Theta Alpha Sigma Beta
F3-C3 0.157 0.148 0.182 0.154 0.169
F4-C4 0.061 0.048 0.061 0.078 0.068
C3-P3 0.043 0.027 0.037 0.084 0.054
C4-P4 0.044 0.030 0.025 0.037 0.051
P3-01 0.141 0.112 0.062 0.097 0.110
P4-02 0.071 0.063 0.043 0.074 0.080
F3-F4 0.021 0.023 0.040 0.043 0.029
C3-C4 0.046 0.071 0.065 0.047 0.035
P3-P4 0.116 0.070 0.023 0.043 0.030
01-02 0.020 0.039 0.058 0.069 0.070
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relatively strong decrease in average coherence is observed for the F4—-C4 pair in two stages (W, N1), accompanied
by a corresponding increase for the P4-0O2 pair (N2, N3). These may be accompanied by a sign reversal of Ay in
other stages for some individual subjects, but overall, this effect is not statistically significant across the group. For
interhemispheric interactions, the changes are less pronounced, and the sign-reversal effect is also not significant
at the group level, although it is observed in some individual cases.

The differences averaged across all sleep stages are presented in Fig. 5, which confirms the previous findings and
allows us to highlight the following features. With the exception of the relatively small changes observed in the
F3-F4 channel pair, in the anterior regions of the head (channel pairs F3-C3, F4-C4, C3-C4), TBI in adolescents
predominantly leads to a decrease in average coherence of key EEG rhythms. In contrast, in the posterior regions
(channel pairs C3-P3, C4-P4, P3-01, P4-02, P3-P4, 01-02), average coherence increases. Thus, changes in
coherence are determined not only by the type of connectivity (intrahemispheric vs. interhemispheric, although
the former shows more pronounced changes) but also by the location of the electrode pairs.

4 Conclusion

This study investigated the effects of traumatic brain injury on the coherence of EEG rhythms, examining dis-
tinctions across various electrode pairs and stages of the sleep—wake cycle. The findings reveal a distinct pattern:
for certain electrode pairs, significant differences between adolescents with TBI and healthy controls were consis-
tently observed across all stages of the cycle. In contrast, for other electrode pairs, statistically significant changes
emerged only during specific stages, suggesting that the impact of TBI on neural connectivity is not uniform
across either brain regions or functional states. Notably, pronounced differences in average coherence were identi-
fied for intrahemispheric interactions, particularly within the left hemisphere, when compared to interhemispheric
interactions. This lateralized effect may reflect the differential vulnerability of neural networks following injury.
Furthermore, the directionality of coherence changes (whether coherence increased or decreased in adolescents
with TBI) was associated with the spatial location of the electrode pair. Specifically, the nature of these changes
differed depending on whether the electrodes were placed over anterior versus posterior regions of the head, point-
ing to region-specific alterations in functional connectivity. Taken together, these results underscore the potential
of coherence-based EEG analysis as a sensitive and non-invasive tool for assessing functional recovery after brain
injury. By capturing both the spatial and state-dependent dynamics of neural communication, this approach may
offer valuable insights for clinical monitoring and rehabilitation planning.
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