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Background: Frontal brain dysfunction is a major challenge in neurorehabilitation. Neurofeedback (NF), as an EEG-based brain training method, is currently applied in a wide spectrum of mental health conditions, including traumatic brain injury.

Objective: This study aimed to explore the capacity of Infra-Low Frequency Neurofeedback (ILF-NF) to promote the recovery of brain function in patients with frontal brain injury.

Materials and methods: Twenty patients hospitalized at a neurorehabilitation clinic in Switzerland with recently acquired, frontal and optionally other brain lesions were randomized to either receive NF or sham-NF. Cognitive improvement was assessed using the Frontal Assessment Battery (FAB) and the Test of Attentional Performance (TAP) tasks regarding intrinsic alertness, phasic alertness and impulse control.

Results: With respect to cognitive improvements, there was no significant difference between the two groups after 20 sessions of either NF or sham-NF. However, in a subgroup of patients with predominantly frontal brain lesions, the improvements measured by the FAB and intrinsic alertness were significantly higher in the NF-group.

Conclusion: This is the first double-blind controlled study using NF in recovery from brain injury, and thus also the first such study of ILF NF. Although the result of the subgroup has limited significance because of the small number of participants, it accentuates the trend seen in the whole group regarding the FAB and intrinsic alertness (p = 0.068, p = 0.079, respectively). We therefore conclude that NF could be a promising candidate promoting the recoveryfrom frontal brain lesions. Further studies with larger numbers of patients and less lesion heterogeneity are needed to verify the usefulness of NF in the neurorehabilitation of patients with frontal brain injury (NCT02957695 ClinicalTrials.gov).
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Introduction


Frontal brain dysfunction

Patients with frontal brain lesions suffer from a variety of symptoms including apathy, attention deficits, impaired executive functions, lack of impulse control, and impaired emotional regulation. One typical feature that complicates these problems is the so-called anosognosia, namely patient’s lack of awareness of the deficits (Malloy and Grace, 2005; Prigatano, 2005; Arnould et al., 2016). The resulting behavioral and social problems often are a heavy burden for family members or for institutions (Wells et al., 2005; Guevara et al., 2016). At the same time, these symptoms are a major challenge to treat since conventional therapies, such as occupational therapy or neuropsychological training, are commonly not sufficient to overcome the problems of self-regulation.



Neurofeedback

Neurofeedback (NF) is a psychophysiological procedure where cerebral regulation is promoted through real-time feedback to a person based on his or her own brain activity as measured by electroencephalography (EEG). The patient is involved in a feedback loop whereby brain activity is recorded and instantaneously translated into visual, auditory and tactile signals that can be perceived by the individual. With respect to mechanisms of action, functional MRI (fMRI)-based NF studies have shown that basic principles of neuroplasticity are involved in learning through NF (Koralek et al., 2012, 2013; Harmelech et al., 2013; Megumi et al., 2015).

Since the first application of NF in the 1960’s, this method has been the subject of continuing development in clinical application as well as in the field of neuroscience. In the course of animal sleep research, Barry Sterman, research psychologist at the University of California, observed that a certain brain activity called sensorimotor rhythm (SMR) correlated in cats with the distinct behavior of being motorically idle (Roth et al., 1967). Training of this brain activity by operant conditioning not only changed waking and sleep behavior, but the same cohort of animals turned out in a later experiment to be less susceptible to a seizure-inducing agent (Sterman et al., 1969; Sterman and Friar, 1972). This unexpected finding gave impetus to the first human trials, and opened an ongoing development in clinical application, engineering, and neuroscience (for a recent review see Sitaram et al., 2017).

The potential of NF to alter neural signals (McAdam et al., 1966; Kamiya, 1968) and mental states as well as associated behavior makes it a strong candidate as a new therapeutic tool for the treatment of a wide range of symptoms and disorders, including psychiatric and neurologic conditions. Clinical research mainly focused on the use of NF in conditions such as epilepsy (Egner and Sterman, 2006), ADHD (Monastra et al., 2002; Arns et al., 2009; Hodgson et al., 2012; Sonuga-Barke et al., 2013; Micoulaud-Franchi et al., 2015; Cortese et al., 2016), and PTSD (Peniston and Kulkosky, 1991; Kluetsch et al., 2014; Nicholson et al., 2016, 2017; van der Kolk et al., 2016) and addictions (Scott et al., 2005). Symptoms that are part of the frontal dysfunction syndrome have been shown to benefit from NF, e.g., an impaired impulse control and attention deficits in patients with attention deficit hyperactivity disorder (ADHD) (Arns et al., 2014). Moreover, NF was reported to improve affect regulation in patients with chronic posttraumatic stress disorder (PTSD) (van der Kolk et al., 2016). Concerning the use of NF in patients with traumatic brain injury (TBI), several studies reported positive findings providing different modalities of NF (May et al., 2013; Ali et al., 2020). However, the cited reviews claimed that none of the published protocols have been compared with a sham control-group and robust clinical evidence is still lacking. Most recently, an interesting retrospective study reported significant treatment response using ILF-NF in 59 patients with post-concussion symptoms (Legarda et al., 2022). The NF-group experienced significantly greater improvements concerning headache, memory impairment and brain fog than the TAU-group.

Another reason for the limited generalization of evidence for the efficacy of NF is the heterogeneity of NF devices and the ongoing debate as to which parameters of the electroencephalogram (EEG) should be chosen for feedback. Based on the original experiments by Barry Sterman, operant conditioning of EEG frequency bands was used in order to treat many different symptoms and disorders. The attempt to relate specific conditions to certain patterns in the EEG spectrum by quantitative electroencephalography (qEEG) analysis has not led to conclusive results so far (Rogala et al., 2016). At the same time, knowledge has emerged concerning complex systems and dynamical networks, which initiated a shift in understanding brain function and dysfunction, ultimately influencing the clinical view on psychiatric disorders and on brain injury. For example, specific brain functions could be assigned to the classical Brodmann areas, but proper functioning requires the interconnection between them. The disruption of networks, especially in the three large-scale brain networks [default mode network (DMN), executive control network (ECN), and salience network (SN)] is currently regarded as crucial for a variety of brain dysfunctions (Menon, 2011).



Infra-low frequency neurofeedback

In recent years the Infra-low Frequency NF-method (ILF-NF) has aroused increasing interest of clinicians and scientists alike. The ILF-NF method originates from classical EEG frequency band training, but also takes into account the above-mentioned model of the brain as a dynamical, self-regulating network (Othmer et al., 2013). Feedback is based on the dynamics of the frequency range from 0.5–40 Hz as well as from signals in the infra-low frequency (ILF) range. There are several indications that link the signal in the ILF range to fluctuations of the DMN activation as detected in fMRI (Buckner et al., 2008; Othmer et al., 2013). The regulation of such a core network, given its engagement with, and influence on, the other core regulatory networks like the SN and the CEN presents an attractive model, since dysregulation of these networks has been implicated in a number of mental disorders (Broyd et al., 2009; Menon, 2011). The ability of ILF-NF to regulate core networks is further supported by a recent fMRI study with participants receiving either ILF-NF or sham-NF (Dobrushina et al., 2020). After one session, increased connectivity was found between key regions of the salience, language, and visual networks.

The need for additional therapeutic approaches in the treatment of patients with a frontal brain syndrome and the promising reports concerning the use of NF in emotional, impulsive, and attention regulation as well as recovery from brain injury prompted us to conduct the present study. The main goal was to investigate if NF supports the recovery from a frontal brain lesion. With regard to the spontaneous brain recovery after an injury and the simultaneous application of several therapies during a neurorehabilitation, it is crucial to investigate the potential NF-effect in a placebo-controlled manner. Concerning the NF-method, we decided to use the above mentioned ILF-NF for the following reasons: During the subacute phase after a moderate to severe frontal brain damage, patients often are not able to participate actively in the training. Contrary to the active operant conditioning of the classical NF, the ILF-NF does not require active participation. Secondly, since the training goal in terms of EEG-parameters after a brain injury has not yet been defined, the use of classical NF in this patient group was questionable. Instead, the regulation of brain networks by the use of ILF-NF was deemed a much more suitable approach.




Materials and methods


Trial design

A parallel-group, double-blinded, placebo-controlled trial with balanced randomization was conducted at a specialized clinic for neurorehabilitation in Switzerland. Participants were randomly assigned to one of the intervention groups with an allocation ratio of 1:1.



Participants

This study (NCT02957695 ClinicalTrials.gov) was conducted from June 2015 to February 2017 at the REHAB Basel, a specialized clinic for neurorehabilitation and paraplegiology in Switzerland, in accordance with the Declaration of Helsinki (World Medical Association, 2013). Following the study protocol that had previously been approved by the local ethics committee (EKNZ 2015-105), the participants’ eligibility was assessed by a trained physician, either the responsible clinician or the study physician. Patients with newly acquired moderate to severe frontal or fronto-temporal brain lesions caused by traumatic or non-traumatic conditions aged 18 years or older were eligible. All participants had to be hospitalized for first neurorehabilitation at REHAB Basel during recruitment and had to have acquired their brain lesion one to six months before study inclusion. The physicians in charge clinically judged if the patient demonstrated a sufficient level of vigilance, adequate cognitive skills and sufficient motor function to understand and to perform the required neuropsychological tests. After receiving verbal and written study information, an approved consent form was signed by the patient in case of study participation.

Patients with a history of previous brain injuries, persistent symptomatic epilepsy or severe epilepsy-typical EEG signs, severe cognitive dysfunctions (e.g., sensory aphasia), neurodegenerative diseases, brain cancer, dementia, schizophrenia, and severe abuse of alcohol or drugs were excluded from study participation.



Clinical characteristics

Besides sociodemographic characteristics three clinical parameters were used to characterize the participants and to evaluate potentially relevant baseline differences between the two intervention groups. These clinical parameters included frontal lesion load, the intake of cognitively relevant medication and the individual’s functional total and cognitive capability at baseline according to the total Functional Independence Measure (FIM) and the cognition subscore of the FIM (for description see Granger et al., 1986; Dodds et al., 1993; Ottenbacher et al., 1996).

The cognitive dysfunctions were ascertained by comprehensive neuropsychological assessments performed during in-patient neurorehabilitation as part of the clinical routine. Relevant medication was judged as present if the patients were permanently treated with one or several pharmaceuticals with well-known influence on cognitive functions such as antiepileptic drugs, benzodiazepines or antipsychotics.

As defined in the study protocol, all study participants (n = 20) were required to have at least one cerebral lesion located in the frontal lobes of the brain. As expected in a clinical setting, the 20 participants showed additional lesions in the temporal, parietal, occipital lobes or in subcortical regions. For a further characterization of the lesion, the routinely performed CT or MRI scans were assessed for each patient. Specifically, the area with the largest circumference of each cerebral lesion was determined. Since our interest was focused on frontal damage, we calculated the proportion of the frontal damage area in relation to the total lesion load for each participant. For the subgroup analysis subjects were classified as having predominantly frontal lesions if their frontal brain lesion load accounted for at least 50% of the total damage area. In ambiguous cases (e.g., shearing injuries or several punctuate lesions) the classification was based on the clinical findings. Thus, in these cases a patient’s brain damage was considered as predominantly frontal, if his or her clinical symptoms were predominantly related to frontal brain functions.



Randomization

Each participant was assigned to an identification number according to the sequence of entry into study. The randomized allocation procedure to one of the two intervention groups was provided by the NF software Cygnet® respective to the identification number with a predetermined ratio of 1:1 within block sizes of 10.



Blinding

As the allocation procedure was performed by the manufacturer of the NF device, assignment to group was concealed from the participants, care providers and outcome assessors. Since movements or muscle contractions give rise to easily recognizable EEG patterns, such artifacts recorded from the actual EEG were integrated into the sham-NF intervention. In this way, neither the patients nor the investigators were able to detect group affiliation. After study end the allocation was disclosed by the manufacturer without any knowledge of the measurements or analyses.



Study intervention

For both study groups (NF and sham-NF, respectively) the setup of the intervention sessions was identical. The NF-method under investigation was the ILF-NF (infra-low frequency neurofeedback) developed clinically and scientifically by Sue and Siegfried Othmer.1 Instrumentation consisted of the NeuroAmp II for signal acquisition and Cygnet® software for signal processing and generation of the feedback, and was engineered by B. Wandernoth.2 In the training process, the subject’s current brain activity is reflected back in the form of visual, auditory and tactile analogs. Patients were allowed to individually choose their preferred movie for visual and auditory feedback. For the tactile feedback a vibrating teddy bear was provided and held by the patients. EEG electrodes were placed on the head individually according to the ILF-NF Protocol Guide (Othmer, 2013). The optimal reinforcement frequency of the ILF signal was determined individually during the first 1–3 intervention sessions, based either on the patient’s report or on observations of the nurses in charge regarding behavioral alertness. Usually, the reinforcement frequency ranged from 0.1 to 0.5 mHz. As a starting position of the EEG electrodes according to the international 10–20 system either the T3-T4 position or the T4-P4 placement was chosen, depending on the patient’s symptoms. After the individually suitable reinforcement frequency had been determined, 16 sessions of NF-training were conducted. During these 16 sessions, the electrode positions included at least one of the prefrontal positions (T3-Fp1, T4-Fp2, or Fp1-Fp2) next to the basic positions (T4-P4 or T3-T4) (Figure 1).
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FIGURE 1
 EEG Electrode Positioning for NF-Training (adapted from: Othmer, 2013).


The NF-system was equipped with a special software providing either real NF or sham-NF according to the patient identification number. In case of sham-NF, the feedback was not calculated from the actually measured EEG, but from a simulated EEG. To ensure blinding, artifacts recorded from the actual EEG were integrated into the sham-NF as well.



Outcome measures

All outcome assessments were performed twice during the study period, i.e., before and after the intervention phase. The present report comprises the results concerning three cognitive tests a priori defined as primary outcomes.

The Frontal Assessment Battery (FAB) is a brief neuropsychological test battery for the assessment of different cognitive functions associated with the frontal brain area (Dubois et al., 2000; Benke et al., 2013). It consists of 6 subscales evaluating conceptualization and abstract reasoning, verbal fluency, motor programming, resistance to conflicting instructions, inhibitory control (Go/NoGo-Paradigm) and environmental autonomy. Each subtest is scored from 0 to 3 points, resulting in a minimum of 0 points for the total FAB score indicating severe frontal dysfunction and a maximum of 18 points indicating no frontal dysfunction at all. A study on patients with various degrees of frontal lobe dysfunction demonstrated good psychometric properties of the FAB with high values for internal consistency (Cronbach’s Alpha = 0.78), interrater reliability (κ = 0.87) and concurrent validity (Bertoux et al., 2013).

The Test of Attentional Performance (TAP) is a neuropsychological test battery comprising 14 distinct aspects of attention. In the current trial, the TAP subtest “alertness” with the two aspects intrinsic alertness and phasic alertness and the TAP subtest “Go/NoGo” were used (For detailed description see Zimmermann and Fimm, 2007). For both tests, good to very good reliability coefficients have been reported (Becker et al., 1996).



Sample size

Given the clinical setting of the trial at a highly specialized center for neurorehabilitation, the possible sample size was restricted. Moreover, the inclusion criteria were strict and eligible patients had to be able to perform several cognitive tests after recovering from recent moderate to severe brain injuries or illnesses. The goal of the study was to test the null hypothesis that the improvement means of the two intervention groups did not differ significantly. The significance level (alpha) was set at 0.05 and the test two-tailed with a sample size of 10 subjects per group, the study had a power of 78.5% to yield a statistically significant result. This calculation assumed a mean difference of 1.3 for the FAB sum score and a common within-group standard deviation of 1.0. This mean difference was selected as the smallest effect that would be important to detect, in the sense that any smaller effect would not be of clinical or substantive significance. It was also assumed that this effect size was reasonable, in the sense that an effect of this magnitude could be anticipated in this field of research (Uchida and Kawashima, 2008; Chibbaro et al., 2012). Due to the argumentation given above on the study set up and on the assumptions for the calculations, the sample size considered was determined to be 10 subjects per group. For the power calculation, Power and Precision, release 4.1, was used.



Statistical analysis

Patients’ characteristics were summarized as means (±SD) or medians (±IQR) for continuous variables and as counts and proportions for categorical variables. To evaluate the comparability of the two study groups at baseline, the most relevant sociodemographic and clinical characteristics as well as the level of cognitive impairment (FIM cognition subscore) were determined.

The primary outcome was the improvement of participants in several cognitive functions specific for the frontal lobe. Data distribution was checked for normality. Differences between the two intervention groups regarding the mean change of the measured cognitive outcomes before and after the intervention phase were evaluated using bivariate Generalized Linear Models (GLMs) in a first step and multivariable GLMs in a second step. Multivariable models included (i) treatment group and relevant medication or (ii) treatment group, age, and education. The possibility of an interaction between treatment group and examination time points was examined. This interaction was not significant for the presented outcomes. All analyses were performed both for the whole study sample (n = 20) and for the subgroup of patients with mainly frontal brain lesions (n = 9). The subgroup analysis for individuals with mainly frontal brain lesion was exploratory because the procedure was not described a priori in the study protocol.

In addition, effect sizes were calculated to evaluate the clinical significance of the differences. Klauer (2001) suggested calculating the effect size of pre-post measurements using Hedges g and subtracting the two effect sizes from each other (Klauer, 2001). For the interpretation of the calculated effect sizes the classification according to Cohen (1988) was applied, with a value or r of | 0.2| representing a “small” effect, | 0.5| representing a “medium” effect and | 0.8| representing a “large” effect (Cohen, 1988).




Results


Participants

In total, 22 patients were included in the trial. Two patients dropped out after having started with the intervention sessions. Both of them had originally been randomized to receive sham-NF. One patient was repatriated to the United States, the other one turned out to suffer from severe depression, preventing further study participation. Thus, 20 patients (10 NF, 10 sham-NF) completed the study protocol and were analyzed (see Figure 2). The subgroup analysis of patients with predominantly frontal brain lesions comprised 9 individuals (5 NFB, 4 sham-NF).
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FIGURE 2
Flowchart showing the number of participants and drop-outs during the course of the trial.




Total study sample


Demographic and clinical characteristics

Before applying the NF-intervention, we assessed all patients concerning sex, age, education, etiology and location of brain lesions, FIM score and the level of neurologic and neuropsychologic deficits. Most of the participants were male with a proportion of 80% men in each of the intervention groups. The mean age of the total sample was 40.3 years (SD 16.9) with the NF group being slightly older than the sham group (43.5 ± 16.9 vs. 37 ± 17.1 years, p = 0.472). The mean years of education in the NF group were 12.9 ± 2.3 versus 12 ± 2.6 in the sham group (p = 0.267). Relevant medication was present in two patients from NF group versus four patients of the sham group (p = 0.629). The etiology of the brain lesions was equally distributed in the sham group (50% each for traumatic and non-traumatic etiology) but not in the NF group with 90% traumatic lesions (p = 0.472). The mean total FIM score at baseline was 86.1 ± 19.5 in the NF group and 78.9 ± 25.6 in the sham group (p = 0.545). The FIM cognition subscore was 21.5 ± 6.5 in the NF group versus 21.9 ± 4.9 in the sham group (p = 0.970). In summary, there were no statistically significant differences between the two intervention groups regarding any of these clinical and demographic characteristics.

The results of the clinical presentation of all patients are depicted in Table 1. Summarized are the neurologic and neurocognitive deficits, the total score and the cognitive subscore of the FIM as well as the proportion of the frontal damage in proportion of the total lesion load. The participants that showed a proportion > 50% were selected for the subgroup analysis and marked in bold. Concerning all patients, their deficits comprised a wide variety of somatic and cognitive impairments including hemiparesis, hemineglect, aphasia, and deficits in spatial cognition or comprehension of complex issues. These can be ascribed to non-frontal injuries as well as to the typical frontal brain deficits concerning attention, memory, executive function, behavior and emotion control. In the subgroup of patients classified as having predominantly frontal brain lesions (n = 9), the proportion of frontal lesion load in relation to total damage ranged from 67 to 100%. In these patients, the resulting neurological deficits mainly comprised attention deficits and impairments in executive functions and behavioral control.


TABLE 1    Clinical presentation of all study participants (n = 20).
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Cognitive outcomes

As presented in Table 2, the cognitive measures at baseline were similar in both study groups. A statistically significant baseline difference was only present for the TAP phasic alertness parameter, with the NF group starting from a lower average level than the sham group (−0.01 ± 0.13 vs. 0.14 ± 0.16, p = 0.034).


TABLE 2    Baseline values and unadjusted GLM analysis of the mean cognitive improvement.

[image: Table 2]

During the course of the trial, the participants’ average cognitive performance improved in both intervention groups (Table 2). With respect to all cognitive tasks, the mean improvement during the trial did not differ significantly between the two intervention groups based on both the unadjusted GLM analysis (all p-values > 0.05, Table 2) and the GLM adjusted for relevant medication (Table 3). The graphical representation of the cognitive improvement during the trial in both intervention groups is displayed in Figures 3A–D.


TABLE 3    Adjusted GLM analysis of the mean cognitive improvement adjusted for relevant medication.
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FIGURE 3
Cognitive improvement in both intervention groups. (A) Frontal Assessment Battery (FAB), (B) TAP intrinsic alertness, (C) TAP phasic alertness, (D) TAP Go/NoGo, n = 20. TAP, Task of Attentional Performance.





Subgroup analysis: Patients with mainly frontal brain lesions


Demographic and clinical characteristics

The subgroup analysis restricted to 9 patients with mainly frontal brain lesions consisted exclusively of men. Five of these individuals were randomized to the NF group and 4 to the sham group. There were no statistically significant differences at baseline between the two intervention groups regarding age, education years, relevant medication and etiology of the brain lesion (data not shown). The FIM Cognition Subscore at baseline also did not differ significantly but the NF group started with a lower mean value than the sham group (17.6 ± 6.9 vs. 22.0 ± 4.7, p = 0.219).

In accordance with the FIM Cognition Subscore there was also a baseline difference regarding the FAB total score between both intervention groups. The NF group started with a lower mean FAB score than the sham group (9.2 ± 1.8 vs. 15.3 ± 3.1, p = 0.025) (Table 4).


TABLE 4    Subgroup Analysis: Baseline values and unadjusted GLM of the mean cognitive improvement in patients with predominantly frontal brain lesions (n = 9).
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Cognitive outcomes

As displayed in Table 4 (unadjusted GLM analysis), the between-group comparisons resulted in statistically significant differences regarding the improvement in the FAB total score (p = 0.001) and the TAP phasic alertness parameter (p = 0.002) (Figures 4A,C). The effect sizes of these two between-group differences were large (d = 2.74 and d = 1.01, respectively).
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FIGURE 4
(A–D) Cognitive improvement in the subgroup of patients with mainly frontal brain lesions (FAB), TAP intrinsic alertness, TAP phasic alertness, TAP Go/Nogo, n = 9.


Regarding TAP intrinsic alertness, only the adjusted GLM indicated a significant difference in favor of the NF group (p = 0.047) (Tables 4, 5 and Figure 4B). There were no statistically significant differences between the two intervention groups concerning the improvement in inhibitory control as measured by the number of mistakes in the TAP Go/NoGo task (Tables 4, 5 and Figure 4D).


TABLE 5    Subgroup Analysis: Adjusted GLM of the mean cognitive improvement adjusted for relevant medication in patients with predominantly frontal brain lesions (n = 9).
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Sensitivity analysis: Adjustment for age and education

After alternatively adjusting the GLM for age and education instead of relevant medication the effect estimates did not change substantially (data not shown).




Discussion

For the total study sample (n = 20), the cognitive improvement after the intervention phase did not differ significantly between the NF group and the sham intervention group regarding all cognitive outcomes under investigation. Concerning the FAB and the phasic alertness, larger improvements were observed in the NF group, which did not reach significance (p = 0.068, p = 0.079, respectively). When analyzed in the subgroup of patients with predominantly frontal lesions (n = 9), the NF group showed a significantly larger improvement measured by these two tests (p = 0.001, p = 0.002, respectively). The observed effects in terms of the FAB and attention are in line with reported effects of NF concerning attention and executive functions within children or adolescents with ADHD (Riesco-Matías et al., 2019; Van Doren et al., 2019) and emotional regulation in patients with PTSD (van der Kolk et al., 2016). However, the results of the subgroup analysis per se have the major limitation of the small number of participants. Interestingly, the significantly different outcomes were obtained by the same two tests which showed already a trend in the whole group study. Taken together, our results represent an encouraging outcome after 20 sessions of NF, making NF a promising candidate supporting the recovery from a frontal brain injury.

During the course of the trial, the NF intervention was well tolerated. No significant side-effects were observed and there was no dropout because of the intervention itself. Interestingly, the patients with their well-known problems in self-regulation did not show any compliance problems in participating and completing the NF-sessions.



Strength and limitations

To the best of our knowledge, the present study was the first double-blind, sham-controlled clinical trial evaluating the use of ILF-NF training among patients with recently acquired moderate or severe brain damage. Furthermore, the analyses comprised information about a variety of potentially relevant sociodemographic and clinical characteristics of the participants like years of education, medication, or baseline FIM scores. These characteristics have been considered in the adjusted GLM-analysis.

There are major limitations to be mentioned in this relatively small study. Although the sample size calculation showed a power of 78.5% to yield a statistically significant result with a sample size of 10 participants for each of the two groups, this sample size has to be regarded as small, considering the high heterogeneity of the participants regarding localization and extent of the brain lesions. In the present study, all of the participants showed frontal brain lesions, but several of them had relevant additional lesions that resulted in sensorimotor hemiparesis, neglect, hemianopsia or impairment in parietal functions like perception or cognitive functions like calculation or reading. The subgroup analysis was conducted in order to address the potential bias of non-frontal additional lesions. In this subgroup, a significant difference in the outcome between the two groups was measured by the FAB, the TAP phasic and intrinsic alertness. However, corresponding to the resulting small sample size, these effect estimates showed wide confidence intervals indicating a considerable level of uncertainty about the true underlying association. Further studies with larger groups and less heterogeneity concerning the localization and extent of brain lesions are needed.

Additionally, for the subgroup of patients with mainly frontal lesions a ceiling effect regarding the FAB total score cannot be excluded. As presented in Table 4, the patients randomized to sham-NF started with a significantly higher mean FAB score than the patients in the NF group. Therefore, the participants receiving NF may have had a larger potential for cognitive improvement during the time period of the trial.



Conclusion and future perspectives

No clear-cut conclusion can be drawn from the presented study. However, the encouraging result from the subgroup analysis as well as the simple and well tolerated application suggest that NF could be a promising candidate to support the recovery from frontal brain injury during neurorehabilitation. Finding alternative treatments for the frontal brain dysfunction is particularly important in light of the limitations of existing treatments. We therefore suggest that NF deserves further studies to substantiate his effectiveness and its underlying mechanisms.

Concerning mechanisms of brain recovery, principles of neuronal plasticity have been well described, and likely serve as the underlying mechanism of NF effects as well (see also section “Introduction”). In contrast to the knowledge base at the molecular and the network level, still little is known about the mechanisms at the regional level in the brain, especially concerning the prioritization of brain recovery when several brain areas or brain functions are impaired (Rossini et al., 2007; Hara, 2015). In the present study, the training sites were selected according to the clinical presentation, with focus on frontal deficits. Impairments like hemiparesis were not specifically trained, although basic positions like T3-T4 may have an impact to such impairments as well. A better understanding of the dynamics in brain recovery would not only benefit the timely organization of rehabilitation in general but also would guide the therapeutic approach of NF in terms of the training sequence of regions and training time in patients with brain injuries.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethikkommission Nordwest- und Zentralschweiz EKNZ. The patients/participants provided their written informed consent to participate in this study.



Author contributions

CA: initiation of the study, substantial contribution to the conception, the acquisition, and analysis and interpretation of data for the work as well as writing the most part of the article. KH: drafting the work and revising it critically for important intellectual content and for ethical considerations. CS: substantial contribution to the analysis of data and writing of some parts of methods and results. MM: substantial contribution to the conception and mainly acquisition of the data. YS: substantial contribution to the acquisition and analysis of the data. MH-G: giving substantial inputs to the interpretation of data and providing approval for publication of the content. All authors contributed to the article and approved the submitted version.



Funding

This study was fully supported by intramural funds of REHAB Basel, Switzerland.



Acknowledgments

We would like to thank the clinic management of REHAB Basel for the financial support and the possibility of carrying out this study. The equipment for the neurofeedback training as well as the blinding software was kindly provided by Bernhard Wandernoth, BEE Medic GmbH, Husenstrasse 57, 9533 Kirchberg, Switzerland - www.beemedic.ch.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Footnotes

1     www.eeginfo.com

2     www.BEE-medic.de


References

Ali, J. I., Viczko, J., and Smart, C. M. (2020). Efficacy of neurofeedback interventions for cognitive rehabilitation following brain injury: Systematic review and recommendations for future research. J. Int. Neuropsychol. Soc. 26, 31–46. doi: 10.1017/S1355617719001061

Arnould, A., Dromer, E., Rochat, L., Van der Linden, M., and Azouvi, P. (2016). Neurobehavioral and self-awareness changes after traumatic brain injury: Towards new multidimensional approaches. Ann. Phys. Rehabil. Med. 59, 18–22. doi: 10.1016/j.rehab.2015.09.002

Arns, M., de Ridder, S., Strehl, U., Breteler, M., and Coenen, A. (2009). Efficacy of neurofeedback treatment in ADHD: The effects on inattention, impulsivity and hyperactivity: A meta-analysis. Clin. EEG Neurosci. 40, 180–189. doi: 10.1177/155005940904000311

Arns, M., Heinrich, H., and Strehl, U. (2014). Evaluation of neurofeedback in ADHD: The long and winding road. Biol. Psychol. 95, 108–115. doi: 10.1016/j.biopsycho.2013.11.013

Becker, M., Sturm, W., Willmes, K., and Zimmermann, P. (1996). Normierungsstudie zur Aufmerksamkeitstestbatterie (TAP) von Zimmermann, Fimm. Zeitschr. Für Neuropsychol. 9, 3–15.

Benke, T., Karner, E., and Delazer, M. (2013). FAB-D: German version of the frontal assessment battery. J. Neurol. 260, 2066–2072. doi: 10.1007/s00415-013-6929-8

Bertoux, M., Funkiewiez, A., O’Callaghan, C., Dubois, B., and Hornberger, M. (2013). Sensitivity and specificity of ventromedial prefrontal cortex tests in behavioral variant frontotemporal dementia. Alzheimers Dement. 9, S84–S94. doi: 10.1016/j.jalz.2012.09.010

Broyd, S. J., Demanuele, C., Debener, S., Helps, S. K., James, C. J., and Sonuga-Barke, E. J. S. (2009). Default-mode brain dysfunction in mental disorders: A systematic review. Neurosci. Biobehav. Rev. 33, 279–296.

Buckner, R. L., Andrews-Hanna, J. R., and Schacter, D. L. (2008). The brain’s default network: Anatomy, function, and relevance to disease. Ann. N. Y. Acad. Sci. 1124, 1–38. doi: 10.1196/annals.1440.011

Chibbaro, S., Vallee, F., Beccaria, K., Poczos, P., Makiese, O., Fricia, M., et al. (2012). Impact de la cranioplastie sur l’hémodynamique cérébrale comme facteur pronostic de l’amélioration clinique chez les patients craniectomisés pour traumatisme crânien grave. Rev. Neurol. (Paris) 1021, 91–146. doi: 10.1016/j.neurol.2012.06.016

Cohen, J. (1988). Statistical power ANALYSIS for the behavioral sciences. Mahwah, NJ: Lawrence Erlbaum Associates. doi: 10.1016/B978-0-12-179060-8.50012-8

Cortese, S., Ferrin, M., Brandeis, D., Holtmann, M., Aggensteiner, P., Daley, D., et al. (2016). Neurofeedback for attention-deficit/hyperactivity disorder: Meta-analysis of clinical and neuropsychological outcomes from randomized controlled trials. J. Am. Acad. Child Adolesc. Psychiatry 55, 444–455. doi: 10.1016/j.jaac.2016.03.007

Dobrushina, O. R., Vlasova, R. M., Rumshiskaya, A. D., Litvinova, L. D., Mershina, E. A., Sinitsyn, V. E., et al. (2020). Modulation of intrinsic brain connectivity by implicit electroencephalographic neurofeedback. Front. Hum. Neurosci. 14:192. doi: 10.3389/fnhum.2020.00192

Dodds, T. A., Martin, D. P., Stolov, W. C., and Deyo, R. A. (1993). A validation of the functional independence measurement and its performance among rehabilitation inpatients. Arch. Phys. Med. Rehabil. 74, 531–536.

Dubois, B., Slachevsky, A., Litvan, I., and Pillon, B. (2000). The FAB: A frontal assessment battery at bedside. Neurology 55, 1621–1626. doi: 10.1212/WNL.55.11.1621

Egner, T., and Sterman, M. B. (2006). Neurofeedback treatment of epilepsy: From basic rationale to practical application. Expert Rev. Neurother. 6, 247–257. doi: 10.1586/14737175.6.2.247

Granger, C. V., Hamilton, B. B., Keith, R. A., Zielezny, M., and Sherwin, F. S. (1986). Advances in functional assessment for medical rehabilitation. Top. Geriatr. Rehabil. 1, 59–74.

Guevara, A. B., Demonet, J.-F., Polejaeva, E., Knutson, K. M., Wassermann, E. M., Grafman, J., et al. (2016). Association between traumatic brain injury-related brain lesions and long-term caregiver burden. J. Head Trauma Rehabil. 31, 1–18. doi: 10.1097/HTR.0000000000000151.Association

Hara, Y. (2015). Brain plasticity and rehabilitation in stroke patients. J. Nippon Med. Sch. 82, 4–13. doi: 10.1272/jnms.82.4

Harmelech, T., Preminger, S., Wertman, E., and Malach, R. (2013). The day-after effect: Long term, Hebbian-like restructuring of resting-state fMRI patterns induced by a single epoch of cortical activation. J. Neurosci. 33, 9488–9497. doi: 10.1523/JNEUROSCI.5911-12.2013

Hodgson, K., Hutchinson, A. D., and Denson, L. (2012). Nonpharmacological treatments for ADHD: A meta-analytic review. J. Atten. Disord. 18, 275–282. doi: 10.1177/1087054712444732

Kamiya, J. (1968). Conscious control of brain waves. Psychol. Today 1, 56–60.

Klauer, K. J. (2001). Handbuch kognitives training, 2nd Edn. Göttingen: Verlag für Psychologie Hogrefe.

Kluetsch, R. C., Ros, T., Théberge, J., Frewen, P. A., Calhoun, V. D., Schmahl, C., et al. (2014). Plastic modulation of PTSD resting-state networks and subjective wellbeing by EEG neurofeedback. Acta Psychiatr. Scand. 130, 123–136. doi: 10.1111/acps.12229

Koralek, A. C., Costa, R. M., and Carmena, J. M. (2013). Temporally precise cell-specific coherence develops in corticostriatal networks during learning. Neuron 79, 865–872. doi: 10.1016/j.neuron.2013.06.047

Koralek, A. C., Jin, X., Long, J. D., Costa, R. M., and Carmena, J. M. (2012). Corticostriatal plasticity is necessary for learning intentional neuroprosthetic skills. Nature 483, 331–335. doi: 10.1038/nature10845

Legarda, S. B., Lahti, C. E., McDermott, D., and Michas-Martin, A. (2022). Use of novel concussion protocol with infralow frequency neuromodulation demonstrates significant treatment response in patients with persistent postconcussion symptoms, a retrospective study. Front. Hum. Neurosci. 16:894758. doi: 10.3389/fnhum.2022.894758

Malloy, P., and Grace, J. (2005). A review of rating scales for measuring behavior change due to frontal systems damage. Cogn. Behav. Neurol. 18, 18–27. doi: 10.1097/01.wnn.0000152232.47901.88

May, G., Benson, R., Balon, R., and Boutros, N. (2013). Neurofeedback and traumatic brain injury: A literature review. Ann. Clin. Psychiatry 25, 289–296.

McAdam, D. W., Irwin, D. A., Rebert, C. S., and Knott, J. R. (1966). Conative control of the contingent negative variation. Electroencephalogr. Clin. Neurophysiol. 21, 194–195. doi: 10.1016/0013-4694(66)90127-1

Megumi, F., Yamashita, A., Kawato, M., and Imamizu, H. (2015). Functional MRI neurofeedback training on connectivity between two regions induces long-lasting changes in intrinsic functional network. Front. Hum. Neurosci. 9:160. doi: 10.3389/fnhum.2015.00160

Menon, V. (2011). Large-scale brain networks and psychopathology: A unifying triple network model. Trends Cogn. Sci. 15, 483–506. doi: 10.1016/j.tics.2011.08.003

Micoulaud-Franchi, J.-A., McGonigal, A., Lopez, R., Daudet, C., Kotwas, I., and Bartolomei, F. (2015). Electroencephalographic neurofeedback: Level of evidence in mental and brain disorders and suggestions for good clinical practice. Neurophysiol. Clin. 45, 423–433. doi: 10.1016/j.neucli.2015.10.077

Monastra, V. J., Monastra, D. M., and George, S. (2002). The effects of stimulant therapy, eeg biofeedback, and parenting style on the primary symptoms of attention-deficit/hyperactivity disorder. Appl. Psychophysiol. Biofeedback 27, 231–249. doi: 10.1023/a:1021018700609

Nicholson, A. A., Rabellino, D., Densmore, M., Frewen, P. A., Paret, C., Kluetsch, R., et al. (2017). The neurobiology of emotion regulation in posttraumatic stress disorder: Amygdala downregulation via real-time fMRI neurofeedback. Hum. Brain Mapp. 38, 541–560. doi: 10.1002/hbm.23402

Nicholson, A. A., Ros, T., Frewen, P. A., Densmore, M., Théberge, J., Kluetsch, R. C., et al. (2016). Alpha oscillation neurofeedback modulates amygdala complex connectivity and arousal in posttraumatic stress disorder. Neuroimage Clin. 12, 506–516. doi: 10.1016/j.nicl.2016.07.006

Othmer, S. F. (2013). Protokoll leitfaden, 4th Editio Edn. Los Angeles, CA: EEG Info Publications.

Othmer, S., Othmer, S. F., Kaiser, D. A., and Putman, J. (2013). Endogenous neuromodulation at infralow frequencies. Semin. Pediatr. Neurol. 20, 246–257. doi: 10.1016/j.spen.2013.10.006

Ottenbacher, K. J., Hsu, Y., Granger, C. V., and Fiedler, R. C. (1996). The reliability of the functional independence measure: A quantitative review. Arch. Phys. Med. Rehabil. 77, 1226–1232. doi: 10.1016/s0003-9993(96)90184-7

Peniston, E. G., and Kulkosky, P. J. (1991). Alpha-theta brainwave neuro-feedback for vietnam veterans with combat- related post-traumatic stress disorder. Med. Psychother. 4, 47–60.

Prigatano, G. P. (2005). Disturbances of self-awareness and rehabilitation of patients with traumatic brain injury: A 20-year perspective. J. Head Trauma Rehabil. 20, 19–29. doi: 10.1097/00001199-200501000-00004

Riesco-Matías, P., Yela-Bernabé, J. R., Crego, A., and Sánchez-Zaballos, E. (2019). What do meta-analyses have to say about the efficacy of neurofeedback applied to children with ADHD? Review of previous meta-analyses and a new meta-analysis. J. Atten. Disord. 25, 473–485. doi: 10.1177/1087054718821731

Rogala, J., Jurewicz, K., Paluch, K., Kublik, E., Cetnarski, R., and Wróbel, A. (2016). The do’s and don’ts of neurofeedback training: A review of the controlled studies using healthy adults. Front. Hum. Neurosci. 10:301. doi: 10.3389/fnhum.2016.00301

Rossini, P. M., Altamura, C., Ferreri, F., Melgari, J. M., Tecchio, F., Tombini, M., et al. (2007). Neuroimaging experimental studies on brain plasticity in recovery from stroke. Eur. Medicophys. 43, 241–254.

Roth, S. R., Sterman, M. B., and Clemente, C. D. (1967). Comparison of EEG correlates of reinforcement, internal inhibition and sleep. Electroencephalogr. Clin. Neurophysiol. 23, 509–520. doi: 10.1016/0013-4694(67)90017-x

Scott, W., Kaiser, D., Othmer, S., and Sideroff, S. (2005). Effects of an EEG biofeedback protocol on a mixed substance abusing population. Am. J. Drug Alcohol Abus. 31, 455–469. doi: 10.1081/ada-200056807

Sitaram, R., Ros, T., Stoeckel, L., Haller, S., Scharnowski, F., Lewis-Peacock, J., et al. (2017). Closed-loop brain training: The science of neurofeedback. Nat. Rev. Neurosci. 18, 86–100. doi: 10.1038/nrn.2016.164

Sonuga-Barke, E. J. S., Brandeis, D., Cortese, S., Daley, D., Ferrin, M., Holtmann, M., et al. (2013). Nonpharmacological interventions for ADHD: Systematic review and meta-analyses of randomized controlled trials of dietary and psychological treatments. Am. J. Psychiatry 170, 275–289. doi: 10.1176/appi.ajp.2012.12070991

Sterman, M. B., and Friar, L. (1972). Suppression of seizures in an epileptic following sensorimotor EEG feedback training. Electroencephalogr. Clin. Neurophysiol. 33, 89–95. doi: 10.1016/0013-4694(72)90028-4

Sterman, M. B., Wyrwicka, W., and Howe, R. (1969). Behavioral and neurophysiological studies of the sensorimotor rhythm in the cat. Electroencephalogr. Clin. Neurophysiol. 27, 678–679. doi: 10.1016/0013-4694(69)91281-4

Uchida, S., and Kawashima, R. (2008). Reading and solving arithmetic problems improves cognitive functions of normal aged people: A randomized controlled study. Age (Dordr) 30, 21–29. doi: 10.1007/s11357-007-9044-x

van der Kolk, B. A., Hodgdon, H., Gapen, M., Musicaro, R., Suvak, M. K., Hamlin, E., et al. (2016). A randomized controlled study of neurofeedback for chronic PTSD. PLoS One 11:e0166752. doi: 10.1371/journal.pone.0166752

Van Doren, J., Arns, M., Heinrich, H., Vollebregt, M. A., Strehl, U., and Loo, S. K. (2019). Sustained effects of neurofeedback in ADHD: A systematic review and meta-analysis. Eur. Child Adolesc. Psychiatry 28, 293–305. doi: 10.1007/s00787-018-1121-4

Wells, R., Dywan, J., and Dumas, J. (2005). Life satisfaction and distress in family caregivers as related to specific behavioural changes after traumatic brain injury. Brain Inj. 19, 1105–1115. doi: 10.1080/02699050500150062

World Medical Association (2013). World medical association declaration of Helsinki: Ethical principles for medical research involving human subjects world medical association declaration of Helsinki special communication. JAMA 310, 2191–2194. doi: 10.1001/jama.2013.281053

Zimmermann, P., and Fimm, B. (2007). Testbatterie zur aufmerksamkeitsprüfung-version 2.1:(TAP). Herzogenrath: Psytest.



OPS/images/fnhum-16-979723-g004.jpg
Frontal Assessment Battery (FAB)

A

10
Mean 8
Difference 6

between
Baseline 4

and
Study End 2

score
( ) 0
-2

C

0.25
Mean 0.2
Difference 0.15
betw?en 0.1

Baseline
and 0.05
Study End 0
(para- g o5

t

meter) 01
-0.15

[ p=0.001
Sham NF NF
Group Group

TAP Phasic Alertness

p=0.002
Sham NF NF
Group Group

100

Mean
Difference 0
between _gg
Baseline

and -100
Study End -150

(ms)

-200

-250

0.5

Mean 0
Difference -0.5
between -1
Baseline -1.5
and e,

Study End 5 g
(no. of
mistakes)

TAP Intrinsic Alertness

<>
Sham NF NF
Group Group
TAP GoNogo
Sham NF NF

Group Group





OPS/images/fnhum-16-979723-g002.jpg
{ Enrollment }

Patients meeting the
conclusion criteria (n=27)

Excluded (n= 5)
+ Declined to participate (n=5)

Randomized (n=22)

\ 4

[ Allocation 1

Allocated to Neurofeedback (n=12)
+Received allocated intervention (n=12)

\ 4

>4

A

Allocated to Sham-Neurofeedback (n=10)
+ Received allocated intervention (n=10)

Follow-up 1

Discontinued intervention (n=2)
¢ Repatriation (n=1)
¢ Severe depression (n=1)

Y

4

Discontinued intervention (n=0)

( Main Analysis ]

Analyzed (n=10)
+ Excluded from analysis (n=0)

4

Analyzed (n=10)
+ Excluded from analysis (n=0)

[ Subgroup Analysis 1

Analyzed (n=5)
+ Excluded from analysis (n=0)

4

Analyzed (n=4)
+ Excluded from analysis (n=0)






OPS/images/fnhum-16-979723-g003.jpg
Frontal Assessment Battery (FAB) TAP Intrinsic Alertness
2 150 -
8 - 100 -
Mean
Difference 6 - .Mean 50 -
between Difference i
Baseli 4 - between
a:::c;ne Baseline -50 - < >
StudyEnd 2 and 100 -
Y Study End
(score) 0 - (ms) -150 -
g d 200 -
-250 -
Sham NF NF
Group Sham NF NF
Group Group
¢ ' . TAP GoNogo
TAP Phasic Alertness
0.2 - : 2 -
1.5 -
Mean sl Mean |
Difference 0-1 - T Difference 05 - .
between 0.05 - > t;etwlt.een
. aseline
Ba:::ne ul > and 0> - & <
Study End -0.05 - i i St(udy E?d 1‘; y
(para-  -0.1 - no.of -1.5 -
meter) 015 - 1 mistakes) 2-5 .
"0.2 - _3 N
Sham NF NF Sham NF NF

Group Group Group Group





OPS/images/fnhum-16-979723-t003.jpg
Outcome measure

FAB, Total score

TAP Intrinsic Alertness, reaction time (ms)
TAP Phasic Alertness, parameter

TAP Go/NoGo (no. of mistakes)

Adjusted mean difference between groups at study end (95% CI)

2.6(—0.41055)
—24.7 (—145.6 10 96.2)
0.08 (—0.03 t0 0.18)
0.1(~1.7t0 1.9)

P-value

0.086
0.672
0.139
0.912

Total study sample (1 = 20). GLM, Generalized Linear Model, CI, Confidence Interval, FAB, Frontal Assessment Battery, TAP, Test of Attentional Performance.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neurofeedback in patients with frontal brain lesions: A randomized, controlled double-blind trial



		Introduction



		Frontal brain dysfunction



		Neurofeedback



		Infra-low frequency neurofeedback







		Materials and methods



		Trial design



		Participants



		Clinical characteristics



		Randomization



		Blinding



		Study intervention



		Outcome measures



		Sample size



		Statistical analysis







		Results



		Participants



		Total study sample



		Demographic and clinical characteristics



		Cognitive outcomes







		Subgroup analysis: Patients with mainly frontal brain lesions



		Demographic and clinical characteristics



		Cognitive outcomes







		Sensitivity analysis: Adjustment for age and education







		Discussion



		Strength and limitations



		Conclusion and future perspectives



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References

















OPS/images/fnhum-16-979723-g001.jpg
T3-Fp1: T4-Fp2:
Executive functions Emotional calming

Attention NASION C%rr\]){:%tynaggresswe
Flexibility opposutlonal behavior)
Motivation Empathy

Impulse control Emotional comfort and
Word finding security

Short term memory

T3-T4:
Emotional balance
Panic attacks

T4-P4:
Physical calming
Body awareness

Seizure Self-awareness
Headaches Spasticity
Vertigo Tremor

Balance and coordination





OPS/images/fnhum-16-979723-t004.jpg
Sham-Neurofeedback (n = 4) Neurofeedback (n = 5) Mean difference between P-value Effect size dcorr

Outcome measure
groups at study end (95% CI) sensu Klauer
Baseline, Study End, Baseline, Study End,

mean % SD mean =+ SD mean + SD mean + SD
FAB, Total score 153 +3.1 153+ 34 92418 16.0 +2.4 6.8(3.7109.9) 0.001 2.74
TAP Intrinsic Alertness, reaction time (ms) 452.5+162.8 384.2 £ 2219 4632 £139.8 355.0 £102.4 40.0 (—219.8 t0 139.9) 0.616 —0.25
TAP Phasic Alertness, parameter 0.16 £0.18 0.12£0.14 —0.07 £0.11 0.06 & 0.06 0.19 (0.09 to 0.28) 0.002 1.01
TAP Go/NoGo (no. of mistakes) 13+19 08+ 1.0 22+1.6 0.5+0.6 —1.5(—4.4t0 14) 0.254 —0.90

GLM, Generalized Linear Model, CI, Confidence Interval, FAB, Frontal Assessment Battery, TAP, Test of Attentional Performance. Bold values are significant result.





OPS/images/fnhum-16-979723-t005.jpg
Outcome measure

FAB, Total score

TAP Intrinsic Alertness, reaction time (ms)
TAP Phasic Alertness (parameter)

TAP Go/NoGo (no. of mistakes)

Adjusted mean difference (95% CI) between groups at study end

6.3(3.0109.7)
—99.5(—197.0 to —2.0)
0.18 (0.07 t0 0.29)
—14(—48t02.1)

P-value

0.004
0.047
0.007
0.353

GLM, Generalized Linear Model, CI, Confidence Interval, FAB, Frontal Assessment Battery, TAP, Test of Attentional Performance. Bold values are significant result.





OPS/images/fnhum-16-979723-t001.jpg
Main neurological deficits (somatic and cognitive)

Right-sided hemiparesis; aphasia; severe deficits in executive function (flexibility, impulse control, and planning); moderate to severe
deficits in learning, memory and attention; anosognosia

Moderate to severe deficits in spatial perception, executive function, attention and memory, behavior control; left-sided neglect
Moderate to severe deficits in attention, memory, executive functions, and comprehension of complex issues; anosognosia

Tetraparesis left > right; motor aphasia; left-sided neglect; severe brain dysfunction with deficits in attention and memory, flexibility,
idea production, cognitive control, and resilience

Minor to moderate deficits in many aspects of brain function, e.g., attention and concentration, motivation, empathy, spatial
recognition, and executive functions

Severe deficits mainly in attention and memory functions, executive functions, behavior control, impulse control, and orientation ability

Moderate to severe deficits mainly in attention and memory functions, executive functions and impulse control

Left-sided sensorimotor hemiparesis and hemineglect; reduced vigilance; moderate to severe deficits in attention and flexibility and
comprehension

Left-sided hemineglect; minor to moderate deficits in attention, memory and executive functions

Left-sided sensorimotor hemiparesis; hemineglect and hemianopsy; moderate deficits in attention, memory and executive functions and
visual-motor skills

Left-sided sensorimotor hemiparesis and hemineglect; severe deficits in attention, memory, executive functions and behavior control;
personality change; anosognosia

Left-sided sensorimotor hemiparesis and hemineglect; severe deficits in visual-motor skills; moderate deficits in attention and executive
unctions

Right-sided sensorimotor hemiplegia; global aphasia; severe deficits in language-associated skills; minor deficits in attention and
executive functions

Minor to moderate deficits in attention, memory and behavior control
Moderate to severe deficits in attention, memory, executive functions, behavior control and emotion control; severe anosognosia
Moderate to severe deficits in memory; moderate deficits in executive functions; mild attention deficits

Mild deficits in attention; reduced resilience

Mild to moderate deficits in attention and executive functions; moderate deficit in visual-motor skills; anosognosia

Severe deficits in memory; moderate to severe deficits in executive functions; moderate deficits in attention and mild deficits in behavior
control

Tetrapyramidal syndrome; moderate deficits in attention, memory and executive functions, impulse control, emotion control and
behavior control

FIM (max.
126)

68

74
106
77

117

63
95
70

106
39

62
53
84

64
80
929
118

107
102

66

FIM
Cognition
(max. 35)

21

25
26
27

27

18
19

26
14

18
20
22

22
17
25
29

29
26

15

Proportion of frontal brain
damage in relation to total
lesion load (%)

32

68
38
87

15

67
100
13

Not definable (shearing injuries)

36
72

43

80
100
30

Not definable (fronto-parietal
punctate hemorrhages)

28
100

Not definable (punctate
hemorrhages)





OPS/images/fnhum-16-979723-t002.jpg
Sham-Neurofeedback Neurofeedback Mean difference between P-value Effect size dcorr

Outcome measure
(n=10) (n=10) groups at study end (95% CI) sensu Klauer
Baseline, Study End, Baseline, Study End,
mean =+ SD mean + SD mean + SD mean =+ SD
FAB, Total score 13.7 £ 42 156 £2.7 12.0 4.0 165+ 1.9 2.6 (—0.2t0 5.4) 0.068 0.80
TAP Intrinsic Alertness, reaction time (ms) 461.0 £ 217.9 411.1 £257.4 373.54+134.3 336.0 £ 94.2 12.4 (—128.2 to 153.0) 0.855 0.10
TAP Phasic Alertness, parameter 0.14 £ 0.16 0.10 £0.13 —0.01 £0.13 0.04 £ 0.07 0.09 (—0.01 to 0.20) 0.079 0.45
TAP Go/NoGo, (no. of mistakes) 1.7+ 16 08 +1.0 14+15 08+ 1.1 0.2 (—1.5t02.0) 0.781 0.19

Total study sample (n = 20). FAB, Frontal Assessment Battery, GLM, Generalized Linear Model, SD, Standard Deviation, CI, Confidence Interval, TAP, Test of Attentional Performance.





OPS/images/cover.jpg
& frontiers | Frontiers in Human Neuroscience

Neurofeedback in patients with
frontal brain lesions:
A randomized, controlled
double-blind trial












OPS/images/logo.jpg
’ frontiers | Frontiers in Human Neuroscience







OPS/images/cross.jpg
@ Check for updates.





