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Abstract

Background Medication is the main approach for early treatment of herpes zoster (HZ), but it could be
ineffective in some patients. It is highly desired to predict the medication responses in order to control the
degree of pain for HZ patients. The present study is aimed to elucidate the relationship between
medication outcome and neural activity using electroencephalography (EEG) and to establish a machine
learning model for early prediction of the medication responses from EEG. Methods We acquired and
analyzed eye-closed resting-state EEG data 1-2 days after medication from 70 HZ patients with different
drug treatment outcomes (measured 5-6 days after medicaiton): 45 medication-sensitive pain (MSP)
patients and 25 medication-resistant pain (MRP) patients. EEG power spectral entropy (PSE) of each
frequency band was compared at each channel between MSP and MRP patients, and those features
showing sigificant difference between two groups were used to predict medication outcome with different
machine learning methods. Results MSP patients showed significantly weaker beta-band PSE in the
central-parietal regions than MRP patients. Based on these EEG PSE features and a k-nearest neighbors
(k-NN) classifier, we can predicate the medication outcome with 80%  11.7% accuracy, 82.5% + 14.7%
sensitivity, 77.7% + 27.3% specificity and an AUC of 0.85. Conclusion EEG beta-band PSE in the central-
parietal region is predictive of the effectiveness of drug treatment on HZ patients, and it could potentially
be used for early pain management and therapeutic prognosis.

Background

Herpes zoster (HZ) is a rash that spreads in the skin with pain and blistering ['l. HZ is caused by the
activation of the varicella zoster virus (VZV), which persists in the ganglion after primary infection. As the
age increases and the immunosuppression decreases, VZV reactivates and travels along the sensory
nerves to the skin, causing distinctive prodromal pain followed by eruption of the rash ['2. HZ is the most
common neurological disorder in many countries, such as the USA, Canada and UK, and temporal
increases in the incidence of HZ have also been reported 38l HZ is often accompanied with
psychological problems (such as anxiety and depression) and many serious complications, all of which
seriously affect the patients’ quality of the patients’ life [0,

Early intervention of HZ and HZ-related complications, such as postherpetic neuralgia (PHN), is of great
clinical importance, because the age is an important risk factor for developing HZ (i.e., the incidence of
HZ and HZ-related complications is increased with the age) ['1]. To date, early intervention for HZ is
generally achieved by medication, including analgesics and antivirals ['l. Drug treatment can decrease the
duration and severity of the rash and can also relieve the pain associated with HZ. Evidence has shown
that antiviral therapy during the acute phase could effectively prevent PHN ['274] However, because of
remarkable individual difference among patients, drug treatment is not always effective for each patient.
In addition, the side-effects of some drugs may be serious when they are used in the long term. If the
effect of drug treatment can be accurately predicted in an early stage, patients can get optimal and
individualized drug treatment and non-responders can avoid staying on medications and the condition of
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pain for a prolonged period of time. Therefore, it is highly desired to precisely predict the outcome of drug
treatment in order to achieve effective and precise treatments to control the degree of pain for HZ
patients.

The effectiveness of medication on pain is generally evaluated as the degree of decrease in patients’
subjective pain ratings after treatment. Although self-report is still the golden-standard for pain
assessment in clinical practice, a variety of physiological correlates of pain have been found in past
decades 15771, Particularly, a huge body of studies based on electroencephalography (EEG) have shown
that pain perception is closely associated with certain types of brain rhythmical activities ['8-20]. So, EEG
has been widely used to study neuropathic pain and chronic pain 2123, with the aim to discover neural
signatures of pain diseases for objective assessment of pain level or early diagnosis of these pain
diseases. An early study showed that patients with severe forms of neurogenic pain exhibited higher EEG
spectral power over the frequency range of 2-25Hz (8] Another study showed that the average peak EEG
alpha frequency of chronic pain patients was lowered than that of healthy controls [24. By using
magnetoencephalography (MEG), which is the measurement of the brain's magnetic field and is similar to
EEG in terms of the signal characteristics and analysis methods, researchers found fibromyalgia (FM)
patients had power increases in theta, beta and gamma bands, along with a slowing of the dominant
alpha peak [2°]. Recently, it has been reported that FM patients augmented theta activity in prefrontal and
anterior cingulate cortices relative to healthy controls 211,

However, most previous related studies used EEG to identify abnormal brain activity patterns of pain
patients, but there are few studies concerning the use of EEG as a possible neural signature of drug
treatment on pain. Actually, as revealed by many studies of other diseases, such as depression and
epilepticus, EEG plays an important role as a neural correlate of effectiveness of drug treatment 26281 For
example, a recent study explored EEG spectral power of patients with treatment-resistant depression, and
found certain EEG features are correlated with the efficacy of ketamine treatment and could be used to
predict drug effects [29]. These studies inspired us to search for EEG-based predicators of medications for
HZ patients.

In the present study, we hypothesize that the medication effects on pain could be represented by EEG
rhythmic features and aim to explore the relationship between EEG and drug treatment effects on HZ. To
this end, we recorded EEG activities of HZ patients 1-2 days after they took medication. To avoid
uncomfortableness of patients and long operation time, we used a new dry-electrode EEG device instead
of the traditional EEG devices that need conductive gel. Then, we compared EEG spectral features
between responders and non-responders to identify treatment outcome-related EEG features. Further,
based on the identified treatment outcome-related EEG features, we used various machine learning
models to predict the effectiveness of drug treatment.

Methods
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Participants

All patients were recruited from Department of Pain Medicine and Shenzhen Municipal Key Laboratory
for Pain Medicine, the Affiliated Shenzhen Sixth Hospital of Guangdong Medical University, from January
2017 to July 2018. All patients have written informed consent and informed about experimental content.
All study procedures were approved by Human Research Ethics Committee of the Affiliated Shenzhen
Sixth Hospital of Guangdong Medical University.

The inclusion criteria for HZ patients were: (1) age ranged from 31 to 90 years; (2) the duration of HZ was
less than 3 months. Exclusion criteria included: (1) had acute and chronic pain caused by other disease
such as migraine headache, fibromyalgia; (2) had epilepsy or Alzheimer's disease that may affect the
nervous system. All the patients were administrated the standardized medication protocol by experienced
physicians for a week. These drugs included gabapentin, pregabalin, oxycodone/acetaminophen,
tramadol and amitriptyline, and the dosage ranged from 75mg to 450mg. The pain intensity was
evaluated by using Visual Analogue Scale (VAS). For each patient, we recorded his/her VAS scores for
three times: (1) VASpy Was measured when the patient was admitted to the hospital (1-2 days before
medication), (2) VASggg was measured right before EEG acquisition 3 days after admission (1-2 days
after medication), (3) VASp,s was measured when the patient was discriminated as a medication-
sensitive pain (MSP) patient (i.e., responder) or a medication-resistant pain (MRP) patient (non-
responder) one week after admission and 5-6 days after medication. A patient was defined as having
MSP if his/her VASp,g was less than half of VAS,pu, VASp s was less than 3. Otherwise, the patient was
defined as having MRP. In addition, if the doctor thought the medication failed to improve the patient’s
quality of life, the patient was also defined as having MRP regardless of the pain ratings.

EEG data acquisition

EEG acquisition was performed in a quiet and bright room. Patients were seated in a comfortable chair
and were asked to relax their muscles and close their eyes. We used a dry-electrode mobile wireless EEG
system, Brain Product LiveAmp (Brain Product GmbH, Munich, Germany), to acquire EEG signals. This
LiveAmp system was used because it can save operational time and reduce the uncomfortableness of
patients. Six-minute resting-state EEG data were recorded using 32 scalp electrodes placed according to
the International 10-20 system. The sampling rate was 500Hz and electrode impedances were kept below
20 kQ.

EEG data analysis

The EEG data were preprocessed using Letswave (https://github.com/NOCIONS/letswave7), a free EEG
signal-processing toolbox under the MATLAB (version R2017a, MathWorks) environment. First, apparent
contaminations were manually removed by visual inspection. Then, data at bad channels were
interpolated from data at adjacent channels. Next, EEG signals were re-referenced to a common reference,

which is the average of EEG signals at all electrodes 3%, Continuous EEG data were then bandpass
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filtered between 0.1 and 30Hz. EEG data contaminated by eye-blinks and muscle artifacts were corrected

using independent component analysis 31331, Independent components corresponding to eye blinks and
muscle artifacts were rejected manually.

After preprocessing, clean EEG data were transformed into the frequency domain by the Welch's method
(with 1024-point FFT, 50% overlapping, and Hamming windows). Then we computed the power spectral
entropy (PSE) 134 which is the information entropy of power spectrum, at four frequency bands: delta
(0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), and beta (12.5-30 Hz). PSE is a commonly used EEG feature
and is calculated as, where nis the number of frequency points within a frequency band of interest and
is the EEG power at the ith (i=1, 2, ..., n) frequency point. PSE quantifies the amount of information in the
power spectrum of a given signal, and it can provide a more complete description about the signal’s
spectral properties than some other spectral features, such as absolute power, relative power, and peak
frequency.

Next, we compared PSE of four frequency bands (theta, delta, alpha and beta) at each channel between
MSP and MRP patients. PSE values that are significantly different between MSP and MRP patients within
specific frequency bands and at specific channels were used as features to predict drug effects in a
machine learning model.

Results

Demographic and behavioral results

Eighty HZ patients were recruited in this study, and ten of them were discarded because their EEG signals
were heavily contaminated. Remaining 70 HZ patients were grouped according to drug treatments: 45
were MSP and 25 were MRP. The demographic and clinical characteristics of all 70 patients are presented
in Table 1, which listed the age, gender, education and clinical profiles (disease duration, VAS scores, and
dosage of drugs). The two HZ groups did not differ significantly in gender, age and education. MRP
patients showed significantly higher illness duration than MSP patients, and thus duration was regressed
out in all group-level analyses. There was no significant difference of VAS scores in different periods
between MSP and MRP patients.

Comparison of EEG between MSP and MRP

Controlling for age, gender and education, we compared PSE within different frequency bands at all
channels between MSP and MRP patients using two-sample rank sum test. As shown in Figure 1, we
found significant group differences over electrodes of central-parietal regions (including CP1, CP2 and
Pz) in the beta band. No differences were observed in the PSE within other frequency bands between
MSP and MRP patients.

The mean and SD of PSE values at CP1, CP2 and Pz in the beta band were illustrated in Figure 2.
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Performances of Prediction Models

The classification performances of four prediction models, LDA, k-NN and SVM, and RF, are summarized
in Table 2. The best performance was achieved by k-NN, which had 80% + 11.7% accuracy, 82.5% + 14.7%
sensitivity, 77.7% + 27.3% specificity and an AUC of 0.85. Figure 3 shows the Receiver Operating
Characteristic curve (ROC) of the predictor. Importantly, if we used VASgg; (i.e., the pain ratings measured
right before EEG acquisition) to predict the medication effects (with the criteria that, if a patient's VASggg
was less than half of VAS,p\ or VASgg was less than 3, the patient was defined as MSP), we got the
results: accuracy = 58.6%, sensitivity = 69.1%, and specificity = 42.9%. By comparing the prediction
results using EEG PSE features and pain ratings, which were acquired at the same day, we can see that
PSE features can achieve much higher accuracy, sensitivity, and specificity than pain ratings.

Discussion

In this study, we compared EEG power feature (PSE) in HZ patients with different effects of drug
treatment. We observed that the beta-band PSE at the central-parietal region was significantly different
between MSP and MRP patients, implying that EEG beta rhythm could be a possible neural correlate of
effective drug treatment. More importantly, our study used machine learning models to classify MSP and
MRP patients with 80% + 11.7% accuracy, 82.5% + 14.7% sensitivity, 77.7% + 27.3% specificity and 0.85
AUC, suggesting EEG has the potential to predict the drug treatment effect on HZ patients in an early
stage.

EEG as a Signature of Pain Treatment

EEG has been widely used in clinical pain research to find out EEG activity pattern of subjective pain
experience. For example, some studies have shown that pain patients displayed enhanced power spectra
at frontal and parieto-occipital regions 2224361 According to these results, EEG spectral power could be
used for diagnosis of pain disease and for monitoring the postoperative development of patients. The
present study is different from previous EEG-based clinical pain studies in two aspects. First, this study is
aimed to reveal EEG features that are related to different medication effects on HZ-associated pain, not to
identify EEG patterns that are different between pain patients and healthy people, patients of different
pain diseases, or patients at different stage of a pain disease. Second, we proposed to used PSE, instead
of the conventional power spectrum, as EEG features 137 Literature has shown that the entropy-type
parameters have a better ability to identify the complexity of EEG than spectral power 3438l For example,
some studies reported that PSE was a sensitive parameter for EEG of imaginary hand movements, and
was an effective index of focal ischemic cerebral injure 34391 We actually also compared EEG power and
other spectral features between two MSP and MRP patients but did not find any difference.

Despite the fact that medication is the most common intervention for many pain-related diseases,
including HZ, our knowledge of medication effects on pain and on brain activity remains limited. Many

EEG studies were aimed to identify the relationship between EEG and clinical outcomes 4142 and they
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indicated that the pre- or post-treatment EEG changes could be used to evaluate drug treatment
outcomes. For example, some studies have demonstrated that drugs, such as pregabalin, influenced EEG
characteristics [4344] suggesting that the changes of EEG activity are predictive of the drug effectiveness.
A study explored the influence of gabapentin on healthy people's EEG activity showed that the peak
frequency of alpha rhythm in the posterior region significantly decreases between healthy volunteer (45!,
More recently, a paper reviewed EEG findings in analgesics and found that opioids could influence delta-
band activity [4. These studies suggested that EEG could reflect the overall altered neural activity
including depression of behavior and mood in patients, which may predict the clinical outcome of drug
treatment.

Our study found that, MSP patients showed significantly lower PSE in the beta band than MRP patients,
which implies that if medication is effctive, the information (or the disorder/randomness) of the brain
activity in the beta-band is suppressed. In another word, medication can restrain the beta-band EEG
activity, if it is effective. This result is partly consistent with several similar studies which observed high
frequency beta-band oscillations associated with pain processing [1820.2325] An experimental pain study
also showed that beta-band EEG activity in frontal/parietal regions is related to conscious somatic
perception 491 The results of our study implied that beta oscillatory activity in central-parietal regions
may have an important role in the perception and processing of pain.

Using EEG to Predict Drug Effectiveness

Early prediction of drug treatment would aid in reducing the risk of side effects from inefficient treatment
for patients. However, there is no study concerning the use of EEG as a predictor to drug treatment on
pain diseases. According to our results, EEG features recorded several days before discrimination showed
different patterns between MSP and MRP patients. So, the significant different features between MSP
and MRP patients can be treated as characteristic inputs to build a classification (prediction) model to
distinguish the effects of drug treatment. Our study provided a classification model with 80% + 11.7%
accuracy, 82.5% + 14.7% sensitivity, 77.7% + 27.3% specificity and 0.85 AUC. This EEG prediction model
may help doctors decide whether drug treatment is useful or not for HZ patients in an earlier stage.

It is important to mention that, EEG data we used in the study were recorded 1-2 days after drug treatment
and 5-6 days before discrimination into MSP and MRP patients. By using pain ratings measured right
before EEG acquisition, it was also possible to predict the medication responses. But our results in Table
2 showed that, using pain ratings VASggg (Which was measured 1-2 days after medication and 5-6 days
before discrimination) to predict medication response, the accuracy, sensitivity, and specificity were all
lower than the prediction results from EEG features. The possible reason is that, pain ratings were
subjective and could be biased by placebo effects in medication. Hence, the EEG PSE feature we found in
the study may be more objective, making it suitable for building a prediction model.

Wireless Dry-electrode EEG
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In clinical practice, the acquisition of EEG is normally not convenient because it needs a long preparation
time (for example, to inject conductive gel into electrodes) and the whole system (including the amplifier,
cables, and computers) is cumbersome. Therefore, in this study we used a new wireless and dry-electrode
EEG system, LiveAmp 32-channel (Brain Product GmbH, Munich, Germany) to acquire patients’ EEG data.
The wireless and portable EEG device with dry-contact sensors could significantly reduce the time of
preparatory work. We compared the preparation time of the wireless dry-electrode system and a
conventional wet-electrode EEG system, BrainAmp 32-channel (Brain Product GmbH, Munich, Germany),
on 3 normal subjects and found the preparation time of LiveAmp is around 15-20 minutes while the
average preparation time of BrainAmp is around 30-50 minutes. Importantly, patients did not report any
feeling of uncomfortableness when wearing the wireless dry-electrode cap. Recently, a study
systematically compared the wet-electrode wired EEG device and dry-electrode wireless EEG device in
many aspects, and the results indicated that dry-electrode EEG device can effectively record EEG for
research and clinical purposes [47] 3o, dry-electrode wireless EEG devices are a promising tool for the EEG
experiment on HZ patients.

Limitations and Future Work

The present study still has some limitations. First, the HZ patients took different medications during
hospitalization. Different medications interaction or the use of a single medication may affect the EEG
changes, which is a confounding factor of our study. Second, the repeatability and reliability of the
identified EEG correlates of drug effectiveness should be validated using repeatedly measured data from
the same cohort and multi-center data from different cohorts. Third, the neural mechanism underlying our
finding remains unclear. It may be necessary to record multimodality data (such as MRI, fMR],
biochemical and genomic data) on a large sample to do a more comprehensive investigation of the
neural mechanism of drug effectiveness on HZ patients. Finally, the sensitivity and specificity of this
predict model are still not sufficient for clinical diagnosis, and we need to further improve the technique
and to validate the results in a rigorous way.

Conclusions

In conclusion, the present study found that beta-band EEG power entropy at central-parietal region is
correlated with the effectiveness of drug treatment on HZ patients and this EEG feature could potentially
be used for early prediction of the drug effectiveness on HZ patients.
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Tables

Table 1 Demographic characteristics of the herpes zoster (HZ) patients in this study.
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All MSP MRP p-value

No. of subjects (male/female) 80 (41/39) |45 (25/20) |25 (11/14) | 3543
Age, years, mean (SD) 61.6(12.9) |61.0(11.8) [65.5(8.7) |gg97b
Education, years, mean (SD) 88(39) [89(42) |85(35) |posec

Duration of illness, days, mean (SD) | 19.8 (19.2) | 14.6 (18.4) | 29.2 (19.0) | <0.007%¢

VASpwm, Mean (SD)

72(15) |7101.6) [76(1.3) |[g149¢
VASggg, mean (SD) 36(1.7) |33(15) [42(18) |gog2c¢
VASp,s, mean (SD) 4123) (2704 |66(14) |<0001*c

Notes: a: Indicates P-values for Pearson Chi-square test
b: Indicates P values for independent two-sample t-test

c: Indicates P-values for independent two-sample Mann-Whitney U test

Table 2 Performances of machine learning models using EEG PSE features to discriminate MSP and MRP patients.

Predictor | Performance, mean + SD (%) AUC
Accuracy Sensitivity Specificity

LDA 714%+71% |882%+12.3%|34.0% +25.9% | 0.67

k-NN 80.0%+11.7%|82.5%+14.7%|77.7% + 27.3%| 0.85

SVM 771%+6.0% [88.2%+121%|55.6%+13.0%|0.76

RF 67.1%+6.4% |81.6% +11.2%|42.7% +23.0%|0.59

VASgEg* 58.6% 69.1% 429% N/A

Notes: * For comparison, we also used VASgg; (i.e., the pain ratings measured right before EEG acquisition) to predict the
medication effects, and the criteria was, if a patient’'s VASggg was less than half of VASpy or VASEgg was less than 3, the patient

was defined as MSP.

Abbreviations: LDA: Linear Discriminant Analysis; k-NN: k-nearest neighbors with k=5; SVM: Support Vector Machine; RF: Random
Forest; AUC: Area Under ROC Curve.
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Figure 1

Comparison of PSE between MSP and MRP patients. Channels with significant PSE differences (CP1,
CP2, Pz) are indicated by white circles (p<0.05, FDR-corrected). The topographical distribution of z-value

(two-sample rank sum test) in the beta band is shown in the right.
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Figure 2

Comparison of PSE at CP1, CP2 and Pz in beta band between MSP and MRP patients.
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Figure 3

Receiver Operating Characteristic (ROC) curves of four classifiers.
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