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Topics to be covered 

• Magnetoencephalography (MEG), MEG slow-wave 
imaging (delta-waves), and the detection of mild 
traumatic brain injury (mTBI). 

• Potential healing mechanisms associated with 
delta-waves 

• Different models for transcranial electrical 
stimulation 

• A Pilot Treatment Study for mTBI: MEG changes 
after low-intensity pulse-based transcranial 
electrical stimulation. 



 

 

 

MEG 1 ms time resolution, 2-3 mm spatial resolution 

Brian Josephson 

MEG SQUID Sensor Array 



 

 
 

 
 

 

  

 

   

   

 

Normative Database: Comprehensive Source Magnitude Images of 

Resting-state Brain Rhythms for Different Frequency Bands 

Huang et al., NeuroImage, 84, 585-604, 2014 
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Whole brain rs-MEG source-amplitude images averaged from 41 healthy subjects in 

MNI-152 atlas coordinates from Fast-VESTAL in alpha (1st row), beta (2nd row), 

gamma (3rd row), and low-frequency (delta plus theta, 4th row) bands. 



 
 

 
 

 

 

 

 

 

Mild TBI is often referred as invisible injuries: Detecting Mild TBI is 
Challenging using Conventional Neuroimaging Methods 

• Traumatic brain injury (TBI) is a leading cause of sustained 
impairment in veterans, military personnel, and civilian 
populations. 

• Mild TBI (mTBI): injuries are difficult to detect (injuries visible 
on only 10% of conventional MRIs or CTs). 

• Diffuse axonal injury and neurochemical damages are leading 
factors in mTBI. Conventional CT and MRI are mainly sensitive 
to blood product 

• Injured brain tissues in mTBI patients generate pathological 
slow-wave magnetic signal that can be measured and 
localized by MEG (Lewine et al., 1999, 2007, Huang et al., 
2009, 2012, 2014). 

Mild TBI: CT and MRI

Negative

Positive



 
 

 

 

 

 

 

Abnormal resting-state MEG slow-waves in gray matter (1-4 Hz, delta-waves) 
are characteristics of neurological Injuries in the brain, resulting from white 

matter injury and/or neuro-chemical (e.g., cholinergic) blockage 

•Stroke 

•Brain tumor 

•Epilepsy 

•Traumatic brain injury 

Huang et al., NeuroImage: Clinical, 2014, 5:109-119. 



 

          

           

            

              

 

Sensitivity rates of MEG slow-wave imaging for mTBI 

• The threshold of 0% false-positive rate in healthy control subjects. 

In the blast mild TBI group, MEG sensitivity rate was 86.1%. 

In the non-blast mild TBI group, MEG sensitivity rate was 83.3%. 

In the combined mild TBI group (blast + non-blast), MEG sensitivity rate was 84.5%. 

Huang et al., NeuroImage: Clinical, 2014, 5:109-119. 



 

 

MEG slow-wave imaging for individual mild TBI patients 

Huang et al., NeuroImage: Clinical, 2014, 5:109-119. 
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MEG slow-wave source magnitude 
significantly correlated with PCS 
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Huang et al., NeuroImage: Clinical, 2014, 5:109-119. 



  
 

 

 

 

Summary: MEG Slow-wave imaging as a 
potential imaging marker for mTBI 

• MEG slow-waves from gray-matter result from de-
afferentation, due to axonal injury and/or neuro-
chemical (e.g., cholinergic) blockage in white-matter. 

• For mild TBI, automated MEG slow-wave imaging 
techniques (regional or voxel-based whole brain) 
show high positive finding rate (~85%). 

• MEG slow-wave findings correlated with mTBI  
symptoms  Mild TBI: MEG
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Are Slow-waves Associated with 

Healing Mechanisms in the Brain? 

• Is slow-wave generation in wakefulness merely a negative consequence of 
neuronal injury? 

• Or, is the slow-wave a signature of ongoing neuronal rearrangement and 
healing that occurs at the site of the injury? 

• Xie et al., (2013). Sleep drives metabolite clearance from the adult brain. 
Science 342, 373–377. 

• Morawska et al., (2016). Sleep Modulation Alleviates Axonal Damage and 
Cognitive Decline after Rodent Traumatic Brain Injury. J Neurosci 36, 3422– 
3429. 

• Ju et al., (2017). Slow wave sleep disruption increases cerebrospinal fluid 
amyloid- levels. Brain 140, 2104–2111. 



  
Xie et al., (2013). Sleep drives metabolite clearance from the adult 

brain. Science 342, 373–377. 



 
 

  
 

 
 
 

CSF Tracer 

ketamine/xyl 
azine (KX) 

Xie et al., 
(2013). 
Science 342, 
373–377. 



  
Sleep and anesthesia increase the volume of extracellular space 
in cortex: Xie et al., (2013). Science 342, 373–377 



  Amyloid-Beta clearance: Xie et al., (2013). Science 342, 373–377 



Adrenergic inhibition increase CSF influx in awake mice using 
norepinephrine  (NE) receptor antagonists: Xie et al., (2013). Science 342, 
373–377  



 
 

  

Morawska et al., (2016). Sleep Modulation Alleviates Axonal 
Damage and Cognitive Decline after Rodent Traumatic Brain 

Injury. J Neurosci 36, 3422–3429. 



 

 
 

 

 
 

 
 
 

amyloid 
precursor 
protein (APP) 

Morawska et 
al., (2016). J 
Neurosci 36, 
3422–3429. 







  

  
   

 
  

 
   

  

 

 

Summary: metabolic cleaning mechanism is associated with 

slow-wave generation during NREM-delta sleep, delta-sleep by 

anesthesia, and awake with adrenergic inhibition 

• Slow-wave generation is associated with metabolite clearance during 
natural NREM-delta sleep, delta-sleep by anesthesia, and adrenergic 
inhibition-induced delta waves during awake (Xie et al., 2013). 

• Amyloid-beta after TBI can be effectively cleaned during delta-wave 
sleep induction and modulations (Morawska et al., 2016) 

• Slow-wave sleep disruption increases cerebrospinal fluid amyloid-beta 
levels (Ju et al., 2017). 

• However, taking anesthesia or adrenergic inhibition medicines without 
clinical monitoring will not be an option for mTBI patients 

• Are there any alternative ways to potentiate the slow-wave generation 
for enhancing the cleaning / healing process at the site of the injury? 

• How about transcranial electrical stimulation? 



  

     

Transcranial Electrical Stimulation: 

Fertonani and Miniussi , Neuroscientist, 2017, 23(2): 109-123 



 
   

     

Transcranial Electrical Stimulation: 
a) and b) tDCS; c) tACS; d) tRNS 

Fertonani and Miniussi , Neuroscientist, 2017, 23(2): 109-123 



 

   
 

 
     

  
 

   
 

 
  

 
   

 

Conventional Models for Transcranial Electrical 
Stimulation (tES: tDCS, tACS, tRNS) 

• Anodal tDCS and tRNS increase neuronal excitability and may 
consequently enhance behavioral performance, 

• Cathodal tDCS decreases neuronal excitability and subsequently 
worsens behavioral performance, 

• tACS increases neuronal excitability via entrainment of the desired 
neuronal firing frequency and consequently modulates performance 

• However, such a simplistic, sliding-scale reasoning (from excitation to 
inhibition or vice versa) does not always explain the results at either 
the neurophysiological or the behavioral level 

Paulus W. Transcranial electrical stimulation (tES - tDCS; tRNS, tACS) methods. Neuropsychol. 
Rehabil. 2011;21:602–617. 

Fertonani and Miniussi , Neuroscientist, 2017, 23(2): 109-123 



 

 

 

 

 

 

 

     

Advanced Models for Transcranial Electrical 
Stimulation (tES: tDCS, tACS, tRNS) 

• Stimulation-Dependent Model 

• Activity-Dependent Model 

• Network Activity-Dependent Model 

• Excitation-Inhibition Balance Model 

• Zero-Sum Model 

• Stochastic Resonance (SR) Model: endogenous oscillatory 
brain signals that are normally too weak / last too short, but 
can be boosted by adding to the brain some noise or electrical 
/ magnetic inputs, which contains a wide spectrum of 
frequencies. 

Fertonani and Miniussi , Neuroscientist, 2017, 23(2): 109-123 



 

   

   

   

  

IASIS: Low-intensity pulse-based transcranial electrical stimulation 
potentiates typical sleep slow-wave network measured by rs-MEG 

R L 

Left panel: IASIS pulse train at 3.6 Hz. Right panel: in a HC subject, abnormal slow-wave 

generation was absent right-before IASIS and 96 hours after IASIS (top row). MEG exam 

immediately after IASIS showed abnormal slow-waves (bottom row). 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 
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IASIS reduced abnormal slow waves in 6 mTBI patients  
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Changes in abnormal MEG slow-waves between pre- and post-IASIS MEG exams in six mTBI participants. 

Green arrows indicate areas with abnormal slow-waves at the baseline but markedly reduced (> 30%) after 

IASIS. Red arrow indicates an area with markedly increased (> 30%) slow-wave after IASIS in mTBI 

Participant #5, who completed only 4 of 12 scheduled sessions. The hot spots without arrows indicate 

abnormal slow-waves that did not show marked change (< 30%) after IASIS treatment. 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



  

  

Changes in post-concussion symptoms 
pre- and post-IASIS treatment 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



   

  

      

     

    

       

   

  

IASIS reduced post-concussion score (PCS) and 
overall abnormal slow waves in 6 mTBI patients 

Significant reduction in total Rivermead PCS scores between pre- and post-IASIS 

assessments (p<0.01). B: Significant reduction in total abnormal Z-score MEG slow-

wave source imaging between pre- and post-IASIS MEG exams (p<0.01). C: 

Relative change in total abnormal MEG Z-score correlates with relative change in 

total PCS score (p<0.05). "", "O", "×", "+", " ", and "" represent Participants #1, 

#2, ..., and #6, respectively. 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



   
 

 
 

  
   

 

 

 
 

  
 

    

 
 

  

Participant #1 was a Marine who experienced an 
mTBI due to a mortar blast 

• During and following the IASIS treatment, he reported that his symptoms greatly 
abated, going from severe to no problem or mild. His overall RPCSQ score went 
from 46 to 25, a reduction of 45.7%. 

• He also mentioned that he had completely discontinued his use of nicotine after 
the IASIS treatments, which he claimed was a beneficial result of the treatments. 

• At 6 months after IASIS, he stated that the treatment effects had persisted and 
that he still did not use nicotine. 

• Compared with pre-IASIS MEG, his post-IASIS MEG showed marked reduction of 
68.6% in total abnormal MEG Z-score. 

• Abnormal slow-waves were markedly reduced from frontal pole, posterior 
cingulate cortex (PCC), right insula, and right hippocampus. 

• In studies of headaches and migraine, activation of the insula, which is a 
component of the “pain matrix”, is attributed to the processing of pain and 
unpleasantness. The PCC is also a part of the pain matrix. Following treatment, his 
headaches were reduced, as were slow-waves in both the insula and the PCC. 

• The MEG findings were also compatible with reduced PCS for memory function 
(related to hippocampus). 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



 

  
 

 

 

 

 
  

 

 
 
   

Participant #2 was rear-ended in a multi-vehicle 
accident that resulted in a loss of consciousness 

• She had mTBI with widespread moderate to severe symptoms. 
• Halfway through the IASIS sessions, she reported a reduction in stuttering, 

anxiety, headaches, and less visual and auditory overstimulation 
(particularly reduction of photophobia). After the completion of all IASIS 
treatments, she reported an even greater reduction of symptoms (i.e., by 
50.0%). Her overall score for RPCSQ went from 54 to 27. 

• Her total abnormal MEG Z-score post-IASIS was markedly reduced by 
45.1% relative to the baseline MEG exam. 

• Specifically, markedly reduced MEG slow-waves after treatment were 
found in anterior cingulate cortex (ACC), and right occipital areas including 
the right lateral occipital cortex and right occipital fusiform gyrus spanning 
the lingual gyrus. 

• Reduced slow-waves in the ACC, which is also part of the pain matrix, was 
compatible with her reduced headaches following treatment. Additionally, 
her reduced slow-waves after treatment in the right fusiform gyrus and 
lingual gyrus were compatible with the decrease in photophobia, a 
symptom that is linked with the lingual gyrus, a visual processing area. 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



 

 

 

 

  
 
 

  

Participant #3 was involved in a car accident. 

• After IASIS, his symptoms drastically reduced by 51.6% 
from an initial RPCSQ total score of 31 to 15. Light 
sensitivity was reported as only mild whereas headaches, 
noise sensitivity, irritability, and frustration no longer a 
problem. Importantly, initially severe symptoms were more 
moderate after treatment (i.e., forgetfulness / poor 
memory, poor concentration, and taking longer to think). 

• Compared with the pre-IASIS exam, his post-IASIS total 
abnormal MEG Z-scores decreased by 45.8%. 

• Specifically, striking decreases in abnormal slow-waves 
were notable in the PCC, bilateral OFC, and left 
hippocampus. The MEG findings are compatible with 
reduced PCS for memory problems (hippocampus) and 
headaches (PCC). 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



 

 
 

 
 

    
 

  
  

  
  

 

  

Participant #4 was an Army soldier who experienced an IED blast 
while riding in an Mine-Resistant Ambush Protected vehicle 

• After 3 visits and throughout the remaining IASIS sessions, he reported that his 
quality of sleep had improved, leaving him well rested with a positive change in 
attitude. Upon finishing all IASIS sessions, he recorded an overall score of 1 on the 
RPCSQ, a reduction of 92.9% in total RPCSQ score. He noted that noise sensitivity 
was no more of a problem for him. All other symptoms were listed as absent, 
which meant that he was essentially symptom-free. 

• The pre- and post-IASIS MEG exams show that the total abnormal MEG Z-scores 
were reduced by 74.2%. 

• Reductions of abnormal slow-waves were striking in the right inferior-lateral 
parietal area and superior temporal gyrus/auditory cortex, right hippocampus and 
amygdala, right inferior temporal pole, and left cerebellum. 

• Changes in the central auditory system may play an important role in hyperacusis, 
an intolerance of normal environmental sound. Following treatment, he had less 
noise sensitivity, consistent with the observed reduction of slow-waves in the 
superior temporal gyrus/auditory cortex. Additionally, MEG findings were 
compatible with reduced PCS for memory loss (hippocampus). 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



 
 

 

 

 
 

    

 

 

  
  

  
  

 

  

Participant #5 was a Marine who experienced blunt head trauma when a 
piece of furniture struck his head. He experienced another blunt head trauma 

when a chair that he was sitting broke, intensifying his previous symptoms. 

• He only finished 4 out of the 12 required IASIS treatment sessions. From the beginning, he 
missed or rescheduled multiple sessions. Because it appeared likely that he might not 
(actually he did not) finish his IASIS treatment, an MEG exam was performed following his 4th 
visit, and that MEG was used for this paper. After his 4th IASIS visit, there was a 11.8% 
reduction in total RPSCQ symptoms (51 in pre-IASIS exam to 45 after the 4th session), which 
was not nearly as remarkable as that of individuals who completed all sessions. 

• The pre-IASIS MEG exams show that he had abnormal slow-wave generation from right ACC 
and PCC, right striatum / insular cortex, right parahippocampus, and left ventro-medial 
prefrontal cortex (vmPFC). Following the 4th IASIS treatment visit, his total abnormal MEG Z-
score only showed only a marginal reduction of 12.0%. 

• Specifically, his abnormal slow-wave generation from the right ACC and PCC remained 
essentially the same. Reduced slow-waves were observed from his right striatum / insular 
cortex and his right parahippocampus, but increased slow-wave generation was found from 
his left vmPFC . The MEG findings were compatible with his persistent and ongoing PCS at his 
4th visit for headache (ACC and PCC). Dysfunction in vmPFC can impair modulation of 
emotional reactions, resulting in increasing irritability and impairing decision making, which 
was consistent with his severe symptom of irritability. 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



 

  
 

  

 

 
 

 
 

  

Participant #6 was an Army soldier who experienced a 
blast due to an IED while riding in a Humvee. 

• Throughout the IASIS sessions, he noted improvement with sleep 
quality, accompanied by feeling more energetic. By the end of the 
sessions, his symptoms were all scored as no more of a problem. The 
total RPCSQ score reduced by 64.5%.  

• After treatment, his total abnormal MEG Z-scores decreased by 76.1%. 

• Notable decreases in abnormal slow-wave generation were observed 
from the right auditory cortex and the right supplementary motor area 
(SMA) and ACC. 

• The SMA is also a component of the pain matrix. Following treatment, 
the abatement of his headaches was compatible with reduced slowing 
in both the SMA and the ACC. The MEG findings were also compatible 
with reduced PCS for noise sensitivity (auditory cortex in the superior 
temporal gyrus). 

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 



 

 

 

 

 

 

 

 
 

 

 

Summary: MEG to assess the mTBI treatment 
with transcranial electrical stimulation 

 IASIS (Low-intensity pulse-based transcranial electrical 
stimulation) potentiates slow-wave initially.  

 IASIS eventually brought down the abnormal slow-wave in 
mTBI  after the subjects finished the treatment.  

 IASIS treatment also reduced the total mTBI  symptom 
score.  

 Reduction in total mTBI  symptom score correlates with 
reduction in total MEG slow-wave generation.  

 Self-report clinically: 5 participants felt substantially better, 
1  felt about the same (Participant #5).  

Huang et al., Brain Injury, 2017; 31(13-14):1951-1963. 
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Resources 

• “Invisible Injuries become not so Invisible” 
TV Interview with Col G.I. Wilson by KPBS: 
http://www.youtube.com/watch?v=uhlANIGAJXA 

• National Public Radio interview “War Studies Suggest 
A Concussion Leaves The Brain Vulnerable To PTSD”: 
http://www.npr.org/sections/health-
shots/2016/09/26/495074707/war-studies-suggest-
a-concussion-leaves-the-brain-vulnerable-to-ptsd 

• More publications from our lab: 
http://www.ncbi.nlm.nih.gov/myncbi/browse/collect 
ion/48074704/?sort=date&direction=descending 
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http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.npr.org/sections/health-shots/2016/09/26/495074707/war-studies-suggest-a-concussion-leaves-the-brain-vulnerable-to-ptsd
http://www.ncbi.nlm.nih.gov/myncbi/browse/collection/48074704/?sort=date&direction=descending
http://www.ncbi.nlm.nih.gov/myncbi/browse/collection/48074704/?sort=date&direction=descending


 
 

 Questions/Comments? 

Mingxiong Huang, Ph.D. 
mxhuang@ucsd.edu 

Thank you! 

mailto:mxhuang@ucsd.edu


 

 

 

 

 

 

  

 

Poll Question 

• Which field(s) describes your interests in TBI 
(select all that apply)? 

__ diagnosing TBI 

__ treating TBI 

__ animal research of TBI 

__ human research of TBI SD 

__ social work or other support to TBI 




