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Auditory verbal hallucinations (AVHs) are a core symptom of schizo-
phrenias and are associated with increased activation in speech-
relevant regions (e.g. Allen et al., 2012). As AVHSs can be resistant to an-
tipsychotic medications (25-30% of patients) (Shergill et al., 1998), al-
ternative intervention methods are needed. Neurofeedback (NF)
constitutes an alternative approach, as it can modulate excitation levels
and altered brain activity in the long-term (Butnik, 2005; Sterman,
1996). In a curative trial aimed at symptom reduction, we conducted a
functional near-infrared spectroscopy (fNIRS)-based NF training of pos-
terior superior temporal gyrus (STG) regulation. We developed a train-
ing protocol, which adapted to the current state of patients' AVHs.

The patient (25, female, right-handed) had a 6-year history of para-
noid schizophrenia (F20.0; ICD10) with persistent, distressing AVHs,
hearing different voices several times per hour. The AVHs were resistant
to different antipsychotics and complimentary psychotherapy. Before
and throughout the study, she was medicated with constant dosage
(Quetiapine 300 mg and 100 mg/day, Haloperidol 2 mg, Clozapine
100 mg, Citalopram 30 mg). Her IQ was rated with a score of 69
(HAWIE; 2011, age 22), but as she exhibited pronounced impairments
in working memory, the result should be regarded with caution. An EEG
measurement (2011) revealed no pathological patterns. Before this NF
trial, the patient participated in an NF pilot study (Ehlis et al., 2018) (15
sessions of fNIRS NF training), but failed to learn neural activity regulation.

Training sessions were conducted using a continuous wave NIRS
system (ETG-4000 Optical Topography System; Hitachi Medical Co.,
Japan), with two probe-sets covering fronto-temporo-parietal areas
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(Supplementary material). In total, 47 sessions were conducted, com-
prising each two feedback (FB) (simplified feedback of neural activity)
and two transfer (TR) (no contingent feedback of regulation perfor-
mance) blocks with 8 trials each (FB, TR, FB, TR design) (Supplementary
material). The feedback signal was the average amplitude of O,Hb of the
bilateral posterior STG relative to a pre-recorded baseline. The patient
had to down-regulate (decrease O,Hb) neural activity in the target re-
gion when she was experiencing AVHs during the trial (hallucination
trials) and during trials when she was not experiencing AVHs (non-hal-
lucination trials). Whenever she felt that AVHs were about to begin
(“soon” trials), she had to up-regulate neural activity (increase O,Hb).
The “soon” condition is based on the results of Diederen et al. (2010), re-
vealing deactivations preceding AVH-onset in speech-relevant regions,
including the STG. After each trial, she reported the state of AVHs. Fur-
thermore, a pre-test before the first NF session and a post-test after all
sessions were completed, comprising a clinical assessment, including
the Positive and Negative Syndrome Scale (PANSS) and the Psychotic
Symptom Rating Scale (PSYRATS), and a 7-minute fNIRS resting-state
measurement.

fNIRS raw data was pre-processed (compare Hudak et al., 2017) and
separated into six conditions: AVHs FB/TR, no AVHs FB/TR, AVHs soon
FB/TR. Regions of interest (ROIs) were calculated as the averaged
0,Hb data of feedback channels. Amplitudes were averaged over the tri-
als (last 20 s of each trial with 5 s baseline correction) for each session
and condition to evaluate regulation performance. Furthermore, we cal-
culated the number of successful trials, operationalized as the signal
>50% above/under (up- or down-regulation trial) the baseline during
the last 15 s of a trial. We analysed this “behavioral” data calculating
the percentage of successful trials for each condition.

To calculate regulation ability, amplitudes of left and right ROIs for
each condition were compared against zero, utilizing t-tests. Regression
analyses, with amplitudes of the ROIs and ascending session number,
assessed learning performance. The number of hallucination trials
(i.e., hallucination events per session) was correlated (Spearman corre-
lation) with ascending session number (1-47) to assess symptom
reduction.

The patient was able to regulate posterior STG in the “soon” condi-
tion, showing a significant increase of O,Hb amplitudes in nearly all ses-
sionsin left ROI for FB (t(42) = 3.41,p =.001) and TR (t(42) = 5.44,p <
.001) and in right ROI for FB (t(42) = 2.58, p = .014), but not for TR (¢t
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Fig. 1. O,Hb amplitudes in the left and right feedback channels (STG ROIs) for feedback (FB) and transfer (TR) trials in hallucination trials (A), non-hallucination trials (B) and “soon” trials (C).

(42) = 1.18, p = .245) (Fig. 1). In hallucination trials, the patient did not
exhibit significant down-regulation of neural activity in the left ROI (p >
.05 for FB/TR) and only on a trend level in the right ROI (FB: t(42) =
1.965, p = .056; TR: t(42) = 1.987, p = .053). In non-hallucination tri-
als, amplitudes over sessions did not differ significantly from zero (p >
.05 for FB/TR, left/right ROIs). However, a learning effect was present:
a systematic increase of deactivations in non-hallucination trials was
registered in the left ROI (regression analysis with quadratic model fit:
F(1,41) = 6.731, p <.05; 3 = —0.376, t(41) = —2.594, p <.05, R> =
0.141 for TR trials; for FB trials at a trend level: R* = 0.087, F(1,41) =
3.904, p = .055; 3 = —0.295, t(41) = 1.987, p = .055). No learning ef-
fect was detected in other conditions.

The patient's hallucinations decreased sharply after the 27th session.
The analysis of behavioral data showed significant reduction of AVHs
(FB:r= —0.509, p<.001; TR: r = —0.508, p = .001 for TR). A significant
negative correlation between successful “soon” trials and total “halluci-
nation” trials (FB: r = —0.507, p = .001; TR: r = —0.629, p <.001) in-
dicated that overall successful regulation in the “soon” condition may
have accounted for symptom reduction (Supplementary material). We
assume that the constant successful increase of the O,H amplitude in
the target region immediately preceding AVHs led to a compensation
of neural activity and prevented the emergence of hallucinations. Addi-
tionally, a subjective reduction of symptoms over the course of the
training was detected (r = —0.591, p <.001).

We further investigated changes in functional connectivity (FC)
from pre to postresting-state measurements (compare Rosenbaum
et al., 2016). The analysis revealed increased FC following training be-
tween the left ROI and inferior temporal gyrus (IFG), STG and medial
temporal gyrus (MTG) in both hemispheres, and additionally the
motor cortex in the right hemisphere (Supplementary material).

The evaluation of questionnaires indicated a decrease of symptoms
after training (Supplementary material). Interestingly, the patient

changed her conceptualization of her voices after the training. Before
the NF, she believed that the hallucinations were externally generated;
after the NF, she assumed that she was the one who evoked them. This
modification of cognition could have a more profound and longer-term
impact on the symptoms. The results indicate that adaptive fNIRS-NF is
a promising intervention method in reducing AVHs and altering func-
tional connectivity, but controlled studies with schizophrenic patients
are needed to generalize the effects.

The results indicate that adaptive fNIRS-NF is a promising interven-
tion method in reducing AVHs and altering functional connectivity, but
controlled studies with schizophrenic patients are needed to generalize
the effects.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.schres.2018.09.018.
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