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Screening system for assessing
suitability of cognitive behavioral
therapy for chronic low back pain

Keisuke Shimizu'™, Kazuhide Inage?, Hiroto Chikubu?, Sumihisa Orita%3, Yasuhiro Shiga?,
Masahiro Inoue?, Yawara Equchi?, Mitsuo Morita*, Akiko Ichihara®, Arika Ono® & Seiji Ohtori?

An objective method to evaluate patient suitability for cognitive behavioral therapy (CBT) for chronic
low back pain (LBP) is currently lacking. Inappropriate application can result in prolonged hospital visits
and increased medical costs. Therefore, identifying an objective biomarker for evaluating suitability

is crucial. This study focused on electroencephalogram (EEG) complexity as a potential biomarker for
evaluating CBT suitability for chronic LBP, assessing its discriminative ability and identifying factors
that impede treatment. Complexity was analyzed as multiscale fuzzy sample entropy (MFSE). Fifty
patients with suspected psychosocial factors causing LBP along with 20 healthy volunteers were
included. The analysis included 25 responders and 25 non-responders for CBT. MFSE showed significant
effects of scale factor [F(19,171) = 14.82, p<0.01, partial n?>=0.622] and interaction between group

and scale factor [F(38,171) =7.34, p<0.01, partial n2=0.620]. The low-frequency band MFSE score had
an odds ratio of 10.768 (95% confidence interval: 8.263-10.044, p<0.001). The low-frequency band
showed a high discriminative ability (area under the curve: 0.825), with a cut-off value of 1.25. The
low-frequency FMSE is a superior biomarker for predicting suitability for CBT. This method can quickly
evaluate suitability, reducing the burden on medical professionals and patients, and lowering medical
costs.
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The lifetime prevalence of low back pain (LBP) in Japan is 83%'. Although more than 75% of cases have a clear
cause, approximately 22% are classified as non-specific LBP with unknown causes?, suggesting the involvement
of psychosocial factors®-6. According to the International Association for the Study of Pain, pain is an unpleasant
sensory and emotional experience associated with, or resembling that associated with, actual or potential
tissue damage’. Functional magnetic resonance imaging (fMRI) studies have shown that patients with acute
LBP exhibit activation in brain regions related to pain discrimination, whereas those with chronic LBP show
activation in areas associated with emotion/cognition, such as the amygdala and the orbitofrontal and medial
prefrontal cortices®. Besides drug and exercise therapies, cognitive behavioral therapy (CBT), which addresses
psychosocial factors, has been incorporated into the treatment guidelines for chronic LBP in Japan!®. However,
its efficacy has been reported to be limited!!~!%, suggesting that factors such as personality and intelligence level
may affect treatment outcomes!”. Furthermore, the absence of standardized guidelines for CBT suitability often
results in reliance on clinical judgment, leading to potential oversight of patient groups that may not benefit
from CBT, prolonged hospital visits, and increased medical costs. To address these issues, our previous research
identified treatment-impeding factors for CBT in chronic LBP, including borderline verbal intelligence quotient
(IQ), developmental disorders, dependence on medical care, and long-term psychosocial stress'>. However,
evaluating these factors across multiple domains requires substantial time and effort.

Therefore, we focused on electroencephalogram (EEG) complexity as a potential biomarker for quickly
assessing CBT suitability. EEG complexity is thought to reflect functional brain connectivity. Chronic back
pain is often caused by psychosocial stress, patients with depression and anxiety disorders, which activate the
behavioral inhibition system, show a marked decrease in functional connectivity in the frontal lobe'®. Functional
connectivity refers to the synchronicity of information networks between multiple brain regions, with strong
functional connectivity supporting advanced cognitive functions and flexible responses to environmental

1The Future Medicine Education and Research Organization, Chiba University, 1-8-1 Inohana, Chuo-ku, Chiba 260-
8670, Japan. 2Department of Orthopaedic Surgery, Graduate School of Medicine, Chiba University, Chiba, Japan.
3Center for Frontier Medical Engineering, Chiba University, Chiba, Japan. “Division of Rehabilitation Medicine,
Chiba University Hospital, Chiba, Japan. °Liaison Office for Community Medical Care, Chiba University Hospital,
Chiba, Japan. *email: kshimizu@chiba-u.jp

Scientific Reports|  (2025) 15:11491 | https://doi.org/10.1038/s41598-025-95948-1 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-95948-1&domain=pdf&date_stamp=2025-4-3

www.nature.com/scientificreports/

changes!”. Patients with depression or anxiety disorders often have difficulty responding flexibly to psychological
stress events. When the behavioral inhibition system is activated, behavior becomes passive towards uncertain
outcomes or unexpected new situations, leading to a tendency to avoid everything, which is consistent with the
fear and avoidance model observed in chronic LBP'8. In other words, it is hypothesized that patients with chronic
low back pain caused by psychosocial stress also have low functional connectivity of the frontal lobe, similar to
patients with depression and anxiety disorders. Additionally, Autism spectrum disorder have been identified as
a background factor in chronic LBP, which may be related to obsession with details, lower intelligence levels,
and reduced imagination. We conducted this study because we thought that the differences in the effectiveness
of cognitive behavioral therapy among patients were influenced by the abundance of the variables mentioned
above, such as brain wave complexity, intelligence, attention to detail, and imagination.

In other words, chronic LBP may be associated with issues related to intelligence, obsession, and flexibility,
which could affect functional connectivity in the frontal lobe and be reflected as a decrease in EEG complexity.
Since neural activity in each frequency band reflects different brain functions®*~22, EEG is considered to be
extremely advantageous for broadly evaluating the functional connectivity of neural networks?*?%. In recent
years, multiscale sample entropy (MSE) analysis has become a popular approach for EEG complexity analysis®®. In
this study, we used multiscale fuzzy sample entropy (MFSE) analysis, which further eliminates arbitrariness?*~%°.
This study aimed to examine the usefulness of EEG complexity evaluation in screening for CBT suitability in
patients with chronic LBP.

Methods

Study design and participants

This is a case-control study that focused on EEG complexity, IQ, and developmental disorder tendencies as
neuropsychological markers to predict suitability for CBT in patients with chronic low back pain. Table 1 presents
the demographic characteristics of the participants. A detailed study protocol can be found in Fig. 1. This study
included 50 patients with chronic LBP who were referred to the Departments of Orthopedics, Anesthesiology,
and Pain Center at Chiba University Hospital between April 2022 and March 2024. Inclusion criteria were:
Chronic low back pain lasting for more than 3 months, Patients with psychosocial factors as the cause of low
back pain, No clear organic cause of pain suggested by MRI examination, Ineffectiveness of medication or
injections, No history of surgery related to low back pain. Exclusion criteria were:

Significant cognitive impairment or dementia, Severe mental disorders. They were evaluated by four spine
surgeons who confirmed the absence of major organic factors contributing to their LBP symptoms based on MRI
images and neurological symptoms. Additionally, these patients had not benefited from standard orthopedic
treatments, including drug therapy (such as non-steroidal anti-inflammatory drugs [NSAIDs], opioids, a28
ligands, gabapentinoids, and antidepressants) and various block injections. Moreover, 20 healthy volunteers were
included in the study, with no dropouts reported. Patients with chronic LBP who underwent CBT were divided
into responder and non-responder groups based on a threshold of 20 mm on the visual analog scale (VAS),
which is considered the minimum score showing significant improvement according to previous studies®. This
resulted in 25 participants in each group. No significant differences were observed in age or sex between groups.

Participants, no. (%)

Charasteristics Responder (n=25) | Non-responder (n=25) | Normal (n=20)
Age, mean(SD) 47.33(7.88) 51.11(10.38) 45.03(13.22)
Gender

Female 15(60) 13(52) 12(60)
Male 10(40) 12(48) 8(40)
Diagnosis

None 14(56) 16(64) None
Mild disc degeneration | 4(16) 1(4) None
Mild idiopathic scoliosis | 1(4) 1(4) None
Mild spondylolisthesis 1(4) 4(16) None
Others 5(20) 3(12) None
VAS

Pre-CBT, mean (SD) 65.41(21.23) 58.93(15.59) None
Post-CBT, mean (SD) 40.01(12.98) 55.19(10.01) None
Medications (total number)

None 0(0) 2(8) None
NSAIDs 18(72) 12(48) None
Acetaminophen 12(48) 5(20) None
Pregabalin/mirogabalin | 10(40) 5(20) None
Tramadol hydrochloride | 8(32) 2(8) None
Duloxetine 8(32) 5(20) None

Table 1. Demographic characteristics of study participants.
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Criteria

Assessment

Intervention

Comparison Groups

Inclusion Criteria:

1.Chronic low back pain lasting for more than 3 months
2.Patients with psychosocial factors as the cause of low back pain
3.No clear organic cause of pain suggested by MRI examination
4.Ineffectiveness of medication or injections

5.No history of surgery related to low back pain

Exclusion Criteria:
— 1.Significant cognitive impairment or dementia
2.Severe mental disorders

Neuropsychological Assessment: Neuropsychological Assessment:
1.Wechsler Adult Intelligence Scale-IV(WAIS-IV) 1.EEG Complexity Analysis (MFSE)
2.Autism-Spectrum Quotient(AQ)
3.EEG Complexity Analysis (MFSE)

CBT(n=50) none

v

Responder(n=25) Non-responder(n=25) controls(n=20)

Fig. 1. Flow diagram for the study. The study flow, inclusion criteria, exclusion criteria, and evaluation items of
the research collaborators are shown.

Healthy volunteers only provided EEG data for MFSE comparison. Registered cases were confirmed by senior
physicians in a conference to ensure that MRI findings did not match the patient's symptoms and that no organic
abnormalities were present. Whether or not low back pain is psychosocial was evaluated using the Brief Scale for
Psychiatric Problems in Orthopaedic Patients (BS-POP)?!. Standard orthopedic treatment was continued during
the intervention trial; however, no medication changes were made. Then, a one-way ANOVA was performed
on the IQ (WAIS-IV) and developmental disorder tendency (AQ) of the participants divided into two groups,
and the mean differences of each sub-test, not just the total score, were compared. Next, a repeated measures
ANOVA was performed on the EEG complexity (MFSE) between the three groups, the responder group, the
non-responder group, and the control group, to examine the mean differences between electrode placement,
groups, and scale factors. In addition, a binary logistic regression analysis was performed to calculate odds
ratios to examine which factor, IQ, developmental disorder tendency, or MFESE, contributed most to the effect
of CBT. A multiple regression analysis was then performed to confirm the extent to which the MFSE, the main
measurement variable, could explain other factors. Finally, the cutoff value of MESE for the adaptation of CBT
was analyzed using ROC analysis.

This study was conducted in accordance with the ethical principles of the Declaration of Helsinki for medical
research involving human participants. The research protocol was approved by the Ethics Committee of Chiba
University, and all trials were conducted in accordance with these guidelines and regulations. All patients were
given a detailed explanation of the study and provided written informed consent before the start of the study.
We followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guidelines.

EEG device, recordings, and analysis

This study used the wearable device Muse2 (InteraXon Inc., Toronto, Canada; https://choosemuse.com/mus
e-2/) to facilitate simple and clinical-grade EEG measurements. Figure 2 shows the specifications and electrode
placement of Muse 2. Participants were seated in a soundproof room with controlled indoor lighting, and
measurements were taken with their eyes closed. Muse2 is a headband-type wearable EEG device that fits on the
forehead, with the band ends hooked over both ears, and has been used in past studies by our research team?>2.
Although EEG can be easily measured without special pretreatment of the scalp or forehead, EEG paste was
applied in this study for accurate measurement. Muse2 has four active electrodes and one reference electrode,
based on the international 10-10 system, with electrodes placed at four locations: TP9, AF7, AF8, and TP10.
Two silver chloride active electrodes were placed on both sides of the forehead, two conductive silicone rubber
electrodes were placed on the back of both earlobes, and the reference electrode was placed between the two
active electrodes on the forehead. The sampling rate was set at 256 Hz, and the recorded data were immediately
transferred to a tablet device (iPad, Apple Inc., California, USA) via Bluetooth. EEG recordings were performed
using the default function of NeuroSwitch ver. 2.9.0 (Mediaseek Inc., Tokyo, Japan, https://www.mediaseek.co
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*Wireless Connection: Bluetooth 4.2

*EEG Channels: 4 EEG channels + 1 amplified Aux channel
*Sample Rate: 256 Hz

*Sample Resolution: 12 bits / sample

*Reference Electrode Position: FPz (CMS/DRL)

*Channel Electrode Position: TP9, AF7, AF8, TP10

Fig. 2. Specs for the Muse2. The specifications of the Muse2 electroencephalograph used in the study, such as
the electrode placement and sample rate.

jp/alpha-switch/, available on the App Store). Signal processing and analysis were performed using MATLAB
Ver.9.10.0 (The Mathworks, Natick, USA). As shown in previous studies, the EEG signals were appropriately
preprocessed, including band-pass filtering®>**. The recorded EEG data were down-sampled to 200 Hz, 50 Hz
AC noise was removed, and re-referencing was performed to remove measurement errors due to the reference
electrode position.

Multiscale fuzzy sample entropy

MFSE was calculated by reconstructing the original data through non-overlapping moving averages and
calculating the sample entropy of the reconstructed data for multiple addition numbers (scale factor 1), where the
scale factor corresponds to the target EEG frequency (frequency =200 [Hz]/t), with low scale factors reflecting
the complexity of high-frequency bands and high scale factors reflecting the complexity of low-frequency
bands. Let the original EEG time series be Y = {y1, y2, ...,y }. Then, the coarse-grained EEG time series

X ={z1,x2,...,zn} coarsened by the time scale factor T was defined as follows:
1 & M
i=(j—1)7+1

Next, the template vector X" of dimension m was defined as follows:

Xim:{xi,$i+1,...7$€i+m71},lSiSN—m-i-l.

Then, the infinity norm distance d;; between template vectors was defined as follows:

=X =X 1<i,j<N-—m+1

The function ¢"* was defined as follows:

N—m+1 N—m+1 (d?})ln(anC)/lnr

e & (S ()

i=1 J=1,j#i

Using this ¢, MFSE was calculated as follows:

Scientific Reports|  (2025) 15:11491 | https://doi.org/10.1038/s41598-025-95948-1 nature portfolio


https://www.mediaseek.co.jp/alpha-switch/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Multiscale FuzzySanmple Entropy = In (¢™) — In (gi)mﬂ) .

The two parameters ¢ and r are constants that can be arbitrarily determined. Following previous studies, ¢ was
set to 0.01, and r was set to 0.15 as the assumed standard deviation (SD). Signal processing and analysis were
performed using MATLAB Ver.9.10.0 (The Mathworks, Natick, USA).

Examination items

For the 50 patients, the pain VAS was conducted at the initial consultation and after eight CBT sessions to evaluate
changes in pain. At the initial consultation, the Japanese version of the autism-spectrum quotient (AQ)*>-°, the
Wechsler Adult Intelligence Scale-IV (WAIS-1V) intelligence test®”-**, and MFSE were evaluated. For the 20
control participants, only MFSE was measured. The WAIS calculated four index scores: verbal comprehension
index (VCI), perceptual reasoning index (PRI), working memory index (WMI), and processing speed index
(PSI), along with the full-scale IQ (FSIQ). IQ scores were normally distributed around 100, with an SD of 15. The
AQ was a questionnaire assessing developmental disorder tendencies, covering social skills, attention switching,
local detail, communication, and imagination. Each item was scored from 1 to 10 points, with higher scores
indicating a higher tendency and lower scores indicating a lower tendency.

Statistical analysis

In our study, comparison was made in a total of 50 cases, 25 in the responder group and 25 in the non-responder
group. No statistical sample size calculations were conducted. However, using GPower (3.1) to perform the
power analysis, we obtained a high-test power of 0.86, 0,79, 0.77 for IQ, AQ Score, MFSE when comparing the
results between each group (2-sided, a=0.05, ANOVA). It was judged that the test power remained high in this
study. One-way analysis of variance (ANOVA) was used to compare mean differences in AQ and WAIS-IV
scores between the responder and non-responder groups classified according to the improvement rate on the
VAS. Tukey's method was adopted for post-hoc tests. For MFSE, repeated measures ANOVA was performed for
each of the 20 scale factors across the four electrodes (AF7, AF8, TP9, and TP10) to evaluate differences between
groups. The Greenhouse-Geisser test was adopted for degrees of freedom, and the significance level was set at
0.05. To identify the factors that most influenced the effectiveness of CBT, odds ratios (ORs) were calculated
using logistic regression analysis. A multiple regression analysis was performed to examine the influence of
multiple factors affecting treatment efficacy on FMSE scores. Receiver operating characteristic (ROC) analysis
was performed to evaluate the discriminative ability of MFSE for CBT suitability, with the discriminative
accuracy measured by the area under the ROC curve (AUC).

CBT

CBT was conducted by three clinical psychologists with over 10 years of experience. The CBT techniques
incorporated psychoeducation, cognitive restructuring, relaxation (abdominal breathing and progressive muscle
relaxation), stress management, pacing, and behavioral activation, commonly used in chronic LBP treatment*!-42,
Due to appointment slot limitations, the sessions were conducted once a week for 50 min, totaling eight sessions.

Results

Assessing cognitive abilities using the WAIS-IV and AQ

Figure 3 shows the results of the WAIS-IV and AQ. One-way ANOVA revealed no significant differences
between the groups in FSIQ, PRI, WMI, and PSI, with both groups showing average intellectual levels. However,
the VCI of the non-responder group was 89.36 (7.04), slightly below the normative average for their age group
and significantly lower compared to the responder group (F(1,48)=51.65, p<0.01). VCI represents the ability
to understand words, the amount of knowledge, and the ability to express one's thoughts using words or infer
what others want to say.

One-way ANOVA for the AQ showed no significant differences in social skills, or communication, although
significant differences were found in attention switching (F(1,48) =14.87, p<0.01), local details (F(1,48) =17.87,
p<0.01) and imagination (F(1,48)=13.29, p<0.01), indicating that the non-responder group had difficulty
switching attention, stronger obsession to details and lower imagination.

Comparison of multiscale fuzzy sample entropy

Figure 4 shows a plot of the average MFSE values for the non-responder, responder, and control groups. Repeated
measures ANOVA revealed a main effect of scale factor (F (19,171)=14.82, p<0.01, partial n?=0.622) and an
interaction between group and scale factor (F (38,171)=7.34, p<0.01, partial n?=0.620). Post-hoc Tukey’s
multiple comparison tests showed that the non-responder group had significantly lower values across all scale
factors compared to the control and responder groups (p <0.01), whereas the responder group had significantly
lower values in the high-frequency band (scale factors 1-5) compared to the control group (p <0.01). Regarding
electrodes, only the responder group showed significantly lower values in the high-frequency band for the
frontal electrodes AF7 and AF8 (F (19,52)=0.57, p<0.01, partial nz =0.176).

Multivariate analysis of factors influencing the effectiveness of CBT

A binary logistic regression analysis was performed with the presence or absence of the CBT effect as the
dependent variable and each IQ index, AQ Subtest, MFSE as covariates. MFSE was divided into high-MFSE
(scale factor 1-5) and low-MFSE (scale factor 15-20). Table 2 shows the binary logistic regression analysis of
the CBT effect and each variable. Multicollinearity was checked and VIF was confirmed to be no greater than 5.
The results are summarized in Fig. 5 as a forest plot. Patients aged 60 years or older had an OR of 1.95 (95% CI
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There were no significant between group differences in overall test IQ,
PRI, WML, PSI, which indicative of an average intellectual level.

There were no significant differences between the groups in Social skills, and
Communication, and the scores were average. However, in the Non-responder

However, in the non-responder group, VCI(89.36 +7.04) was determined group,Attention switching(5.60 + 1.99) , Local details (5.88 =2.58) and

as a dull normal level compared with the same age segment; moreover,

Imagination (6.08 = 2.48) were significantly lower than in the responder group

there was a significant between group difference(p<.01). (p<.01).

Fig. 3. Assessment of cognitive abilities using the WAIS-IV and AQ. Results of two-way ANOVAs of WAIS
and AQ results by group are shown. The significance level was set at 0.05. AQ, autism-spectrum quotient;
WAIS-IV, Wechsler Adult Intelligence Scale-IV.

1.68-2.22. p<0.05), VCI (£ 89) had an OR of 6.92 (95% CI 5.83-2.99. p<0.01), VCI (> 120) had an OR of 0.65
(95% CI10.43-0.97. p <0.01), attention switching had an OR of 3.26 (95% CI 1.93-5.50. p <0.01), local details had
an OR of 2.24 (95% CI 1.49-3.36. p<0.01), imagination had an OR of 6.76 (95% CI 4.39-8.00. p <0.01), high-
MFSE had an OR of 8.75 (95% CI 6.60-11.61. p <0.01), and low-MFSE had an OR of 10.76 (95% CI 8.26-14.03.
p<0.01). Being over 60 years old, having a verbal IQ below 89, having difficulty switching attention, being
particular about details, and having a lack of imagination are factors that decrease the effectiveness of CBT
treatment.

Stepwise multiple linear regression analysis for MFSE

A multiple regression analysis was conducted to evaluate the relationship between the MFSE and other factors.
WAIS-IV (FSIQ, VCI, PRI, WMI, PSI) and AQ (social skills, attention switching, local details, communication,
imagination) were included in the multivariate analysis. The values for each factor are listed in Table 3. The
results indicated that the model could explain 79.2% of the MFSE (R=0.832, adjusted R,=0.792, p<0.01).
VCI (B=-0.006, p<0.05), local details (p=-0.026, p<0.05), imagination (f=-0.041, p<0.01), and attention
switching (B=-0.041, p<0.001) were the factors influencing MFSE. The lower the verbal IQ, the stronger the
attention to detail, the worse the switching of thoughts, and the poorer the imagination, the lower the MFSE
score. These results were similar to those corresponding to the logistic regression analysis on factors that
influence the effectiveness of CBT. In other words, it is inferred that by evaluating the MFSE, it is possible to
evaluate the suitability of CBT for chronic low back pain.

ROC curve

The ROC analysis results for discriminative ability regarding CBT suitability for low-MFSE and high-MFSE
are shown in Fig. 6. Low-MFSE showed high accuracy, with an AUC of 0.825 at a cut-off of 1.25, whereas high-
MESE showed moderate accuracy, with an AUC of 0.716 at a cut-off of 1.08, indicating that low-MFSE had a
higher discriminative ability for determining CBT suitability.

Discussion

In this study, patients with chronic LBP were divided into responder and non-responder groups based on their
response to CBT, and the discriminative ability of MFSE as a biomarker for CBT suitability was evaluated. As a
result, the low-frequency band MFSE has a higher discriminatory ability for CBT suitability than other variables
and is useful. Previous research has suggested that variables such as developmental disorder tendencies and
intelligence also have an influence, but the low-frequency band MFSE has a strong correlation with these and a
high explanatory rate.

The influence of intelligence level and developmental disorders on CBT suitability

The WAIS-IV results revealed that the non-responder group had a lower VCI, which was borderline compared
to the age-matched average and significantly different from the responder group. This suggests that CBT, which
relies on verbal expression, may be less effective for individuals with lower verbalization abilities. Regarding the

Scientific Reports |

(2025) 15:11491 | https://doi.org/10.1038/s41598-025-95948-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

~

Lol N —"
Byl : w
Tl y 12 P e an
- 0.81 == = 0.8
0.6 0.6
0.4 0.4
0.2 0.2
°U 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 °T 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
norifi'leesf}a)c(;(;lrder Sccii;lleltfla':)tfsr
it IEE% * MFSE scores in the high frequency band (scale
s L factor 1~5) was NR=R<Controls
141
- DA * MEFSE scores in the low frequency band (scale
%; ) factor 15~20) was NR<R=Controls
g 0.8,
iy * There was a main effect of node only in the
" responder group, and AF7 and AFS in the frontal
B region were significantly lower in the high
frequency band (scale factor 1~8).

0 | S S [N (N S (N T S S
1 2 3 4 5 e 7 8 9 10 11 1z 13 14 15 16 17 18 19 20

Scale factor
responder

Fig. 4. Comparison of MFSE between groups. Results of MFSE with repeated measures ANOVA for each
group are shown. The significance level was set at 0.05. The scale factor corresponds to the target EEG
frequency (frequency: 200 [Hz]/t), with low scale factors reflecting the complexity of high-frequency bands
and high scale factors reflecting that of low-frequency bands. ANOVA, one-way analysis of variance; EEG,
electroencephalogram; MFSE, multiscale fuzzy sample entropy.

AQ, although previous reports indicated low autistic tendencies in patients with chronic LBP*, this study found
significant differences in subtests. Specifically, the non-responder group scored higher on attention switching,
local details and imagination, reflecting a strong focus on details and limited imaginative capacity despite similar
total AQ scores.

Relationship between MFSE and CBT suitability

In the MFSE comparison, the healthy group showed consistent average values across scale factors. In the high-
frequency band (scale factor 1-5), the pattern was non-responder group =responder group < control group,
indicating lower values for patients with chronic LBP. Conversely, in the low-frequency band (scale factor 15-
20), the pattern was non-responder group < responder group = control group, suggesting that CBT suitability
is strongly influenced by MFSE in the low-frequency band. The low-frequency band reflects widespread brain
network activity and tends to be higher in groups with high cognitive functions*»*%. In this study, the VCI was
low in the non-responder group, suggesting that a certain level of intelligence is necessary for compatibility
with CBT. Thus, MFSE evaluation in the low-frequency band is useful for evaluating compatibility with CBT.
Conversely, the low-MFSE in the high-frequency band in the chronic LBP group suggests a possible decrease in
the function of gamma-aminobutyric acid (GABA)-ergic inhibitory interneurons in the gamma band. GABA
has a stress-relieving effect on inhibitory neurons in humans*, and its decreased function causes psychosocial
pain?®?, This decrease involves a reduction in potassium chloride co-transporter 2 (KCC2) expression due to
microglial activation, and increasing KCC2 function may help treat psychosocial chronic pain by enhancing
the inhibitory effect of GABA*. GABA transmission dysfunction manifests as y-band neural oscillation
abnormalities, with chronic stress impairing the normal maturation of y-band neural networks*>*°. The low
complexity in the y band observed in this study likely indicates a decrease in GABAergic function against stress.

The degree of influence of factors that affect suitability for CBT
The results of the logistic regression analysis with the effectiveness of CBT as the dependent variable and the
multiple regression analysis with the MFSE score as the dependent variable were similar, with verbal IQ, attention
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Index Respond -respond Logistic regression analysis

Number of patients | Variable | 25 25 Variable | pvalue | Odds 95% CI
Male 15 | 60.00% | 13 | 52(%) | Intercept | < 0.0001 | Reference

Gender
Female |10 | 40.00% | 12 | 48(%) | Female 0.123 | 1.03 0.894-0.112
50-59 12 | 48.00% | 15 | 60.00% | Intercept | < 0.0001 | Reference

A 30-39 3 | 12.00% |2 |8.00% |30-39 0.512 | 0.818 0.710-1.002

e
8 40-49 8 [32.00% |4 |16.00% |40-49 0.211 | 0.995 0.746-1.211

> 60 2 |8.00% |4 |16.00% |>60 0.041 | 1.951 1.683-2.229

WAIS-IV
90-119 |13 | 52.00% |11 |44.00% | Intercept | < 0.0001 | Reference

Full-scale IQ <89 4 {16.00% |10 | 40.00% | <89 0.201 | 1.105 0.586-2.083
2120 8 |32.00% |4 |16.00% | =120 0.324 | 0.899 0.639-1.004
90-119 | 14 | 56.00% | 12 | 48.00% | Intercept | <0.0001 | Reference

VCI <89 2 |8.00% |12 |48.00% | <89 <0.0001 | 6.928 5.831-7.991
2120 9 [36.00% |1 |4.00% |=120 <0.0001 | 0.653 0.436-0.979
90-119 | 10 | 40.00% | 11 | 44.00% | Intercept | < 0.0001 | Reference

PRI <89 6 |24.00% |4 |16.00% | <89 0.3257 | 0.984 0.363-2.668
2120 9 |36.00% |10 | 40.00% | =120 0.4144 | 1.64 1.273-2.113
90-119 |12 | 48.00% |13 |52.00% | Intercept | < 0.0001 | Reference

WMI <89 2 [800% |2 |8.00% |=89 0.0878 | 1.571 1.275-1.936
2120 11 | 44.00% | 10 | 40.00% | 2120 0.1243 | 1.138 0.896-1.447
90-119 | 10 | 40.00% | 11 | 44.00% | Intercept | < 0.0001 | Reference

PSI <89 10 | 40.00% |5 |20.00% | <89 0.1011 | 1.105 0.721-1.234
2120 5 120.00% |9 |36.00% |=120 0.2112 | 1.146 0.843-1.344

AQ
<5 16 | 64.00% | 13 | 52.00% | Intercept | < 0.0001 | Reference

Social skills
>5 9 |36.00% |12 |48.00% | >5 0.4145 | 1.531 0.9366-1.771
<5 18 | 72.00% |9 |36.00% | Intercept | < 0.0001 | Reference

Attention switching
>5 7 128.00% |16 |64.00% |>5 <0.0001 | 3.262 1.934-5.503
<5 18 | 72.00% |5 |20.00% | Intercept | <0.0001 | Reference

Local detail
>5 7 128.00% |20 |80.00% |>5 <0.0001 | 2.244 1.496-3.365
<5 17 | 68.00% | 12 | 48.00% | Intercept Reference

Communication
>5 8 |32.00% | 13 |52.00% |>5 0.3257 | 0.984 0.363-2.668
<5 19 | 76.00% |8 | 32.00% | Intercept Reference

Imagination
>5 6 |24.00% | 17 | 68.00% |>5 <0.0001 | 6.768 4.39-8.001

FMSE
>1.00 17 | 68.00% |9 |36.00% | Intercept | < 0.0001 | Reference

High-FMSE
< 1.00 8 [32.00% |16 |64.00% | < 1.00 <0.0001 | 8.758 6.604-11.614
> 1.00 14 | 56.00% |5 |20.00% | Intercept | <0.0001 | Reference

Low-FMSE
< 1.00 11 | 44.00% | 15 | 60.00% | < 1.00 <0.0001 | 10.768 8.263-14.033

Table 2. Binary logistic regression analysis of each variable.

switching, local details, and imagination having an influence. The lower the verbal IQ and imagination, and the
stronger the obsessions and difficulty in switching thoughts, the lower the effect of CBT and the lower the MFSE.
We found that the MFSE can explain 79.2% of the factors that affect the effectiveness of CBT, and it is inferred
that evaluating the MFSE is the simplest, quickest, and most appropriate method to evaluate the suitability of
CBT for chronic pain.

The discriminatory ability of MFSE for CBT suitability

There was a significant difference in MFSE scores between the low-frequency and high-frequency bands, and
it was found that the MFSE in the low-frequency band had a greater influence on the effectiveness of CBT.
Therefore, in the ROC analysis, MFSE was analyzed using the average values of the low-frequency and high-
frequency bands, respectively. ROC analysis showed high discriminative ability, with a cut-off value of 1.25 for
low-MFSE, suggesting that CBT may not be suitable for those with scores below this value.

Limitations and clinical implications
This study had a few limitations. Firstly, the accuracy of the EEG device was a concern. The Muse2 used in this
study complied with the international 10-20 system but comprised only four electrodes, and data from specified
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Fig. 5. Forest Plot of factors decreasing the effectiveness of CBT treatment. Factors influencing the
effectiveness of CBT are illustrated based on the results of the logistic regression analysis. The odds ratios and P
values of items with significant effects are shown in red. CBT, cognitive behavioral therapy.

Variables B 95% CI t p

VCI 0.006 | 0.001-0.010 2.086 | 0.042
PRI -0.002 | —0.008-0.001 -0.625 | 0.535
WMI 0.003 | - 0.003-0.009 0.917 | 0.363
PSI 0.003 | -0.003-0.008 0.921 | 0.362
Local details -0.026 | —0.053-0.001 -1.917 | 0.041
Imagination —-0.041 | -0.067 to —0.015 | —=3.168 | 0.003
Social skill -0.027 | —0.059-0.005 -1.670 | 0.101
Attention switching | —0.041 | —0.066 to —0.016 | —3.265 | 0.002
Communication 0.004 | -0.027-0.035 0.288 | 0.774

Table 3. Stepwise multiple linear regression analysis for MFSE.

electrodes could not be obtained. Secondly, although re-referencing was performed to eliminate the influence of
the reference electrode position on the frontal electrodes, some of this influence remained.

In this study, we focused on EEG complexity (MFSE) as an objective evaluation of CBT suitability for patients
with chronic LBP and assessed its discriminative ability. Low-MFSE in the low-frequency band had the strongest
influence on the presence or absence of CBT effects and could be used to evaluate CBT suitability with high
sensitivity. This study showed that it is possible to predict the suitability of CBT for patients with chronic low
back pain using EEG complexity as a neurological marker, which will reduce medical expenses and personnel
costs. The evidence for CBT for patients with chronic low back pain in Japan is still low, and the reason for this
is that many patients are being treated who are not suitable for CBT because there were no patient suitability
criteria. By clarifying the suitability criteria through this study, it is expected that CBT for patients with chronic
low back pain will be closer to being covered by insurance because the reproducibility of the treatment effect will
increase. Similar research using complexity has already been conducted on dementia, and it has been shown that
using a decrease in complexity as an indicator is effective in predicting Alzheimer's disease and mild cognitive
impairment®>2. From these reports, EEG complexity is related to cognitive function, and the same results were
obtained in this study, which can be said to be one factor in predicting the effectiveness of CBT. However, this
study showed that EEG complexity is not only influenced by cognitive function, but also by factors such as
imagination and obsession, and we believe that it is a great finding that these can be substituted by evaluating
the EEG complexity of the frontal. As a future perspective of this research, it may be possible to use MFSE to
evaluate the suitability of cognitive behavioral therapy for any chronic illness, not just chronic low back pain,
and we would like to investigate its discriminatory ability in collaboration with researchers from various fields.
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Fig. 6. MFSE ROC curve and cutoff value. Cut-off values for MFSE scores predicting suitability for CBT are
shown. AUC is an index of discriminatory ability, and a value higher than 0.8 is considered highly accurate.
AUCG, area under the curve; CBT, cognitive behavioral therapy; MFSE, multiscale fuzzy sample entropy; ROC,

receiver operating characteristic.

Data availability

Because of the highly personal and sensitive nature of the data, it will not be made publicly available. However,
the data can be made available upon reasonable request. Please send a request to the corresponding author via
email.
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